
THE ROLE OF PLATELET GRANULES IN
THROMBOSIS, HEMOSTASIS, STROKE AND

INFLAMMATION
—

ZUR ROLLE DER THROMBOZYTENGRANULA
IN THROMBOSE, HÄMOSTASE,
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Summary

Platelets are small anucleate cell fragments derived from bone marrow megakaryocytes (MKs)
and are important players in hemostasis and thrombosis. Platelet granules store factors which
are released upon activation. There are three major types of platelet granules: α-granules,
dense granules and lysosomes. While dense granules contain non-proteinacious factors which
support platelet aggregation and adhesion, platelet α-granules contain more than 300 different
proteins involved in various functions such as inflammation, wound healing and the mainte-
nance of vascular integrity, however, their functional significance in vivo remains unknown. This
thesis summarizes analyses using three mouse models generated to investigate the role of
platelet granules in thrombosis, hemostasis, stroke and inflammation.

Unc13d-/- mice displayed defective platelet dense granule secretion, which resulted in abro-
gated thrombosis and hemostasis. Remarkably, Munc13-4-deficient mice were profoundly pro-
tected from infarct progression following transient middle cerebral artery occlusion (tMCAO)
and this was not associated with increased intracranial bleeding indicating an essential involve-
ment of dense granule secretion in infarct progression but not intracranial hemostasis during
acute stroke with obvious therapeutic implications.

In the second part of this thesis, the role of platelet α-granules was investigated using the
Nbeal2-/- mouse. Mutations in NBEAL2 have been linked to the gray platelet syndrome (GPS),
a rare inherited bleeding disorder. Nbeal2-/- mice displayed the characteristics of human GPS,
with defective α-granule biogenesis in MKs and their absence from platelets. Nbeal2-deficiency
did not affect MK differentiation and proplatelet formation in vitro or platelet life span in vivo.
Nbeal2-/- platelets displayed impaired adhesion, aggregation, and coagulant activity ex vivo that
translated into defective arterial thrombus formation and protection from thrombo-inflammatory
brain infarction in vivo. In a model of skin wound repair, Nbeal2-/- mice exhibited impaired devel-
opment of functional granulation tissue due to severely reduced differentiation of myofibroblasts.

In the third part, the effects of combined deficiency of α- and dense granule secretion were
analyzed using Unc13d-/-/Nbeal2-/- mice. Platelets of these mice showed impaired aggregation
and adhesion to collagen under flow ex vivo, which translated into infinite tail bleeding times
and severely defective arterial thrombus formation in vivo. When subjected to in vivo models of
skin or lung inflammation, the double mutant mice showed no signs of hemorrhage. In contrast,
lack of platelet granule release resulted in impaired vascular integrity in the ischemic brain fol-
lowing tMCAO leading to increased mortality. This indicates that while defective dense granule
secretion or the paucity of α-granules alone have no effect on vascular integrity after stroke, the
combination of both impairs vascular integrity and causes an increase in mortality.
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Zusammenfassung

Thrombozyten sind kleine, kernlose Zellfragmente, die von Megakaryozyten (MKs) im Kno-
chenmark gebildet werden und eine zentrale Rolle in Thrombose und Hämostase spielen.
Thrombozytengranula speichern Faktoren, die nach Thrombozytenaktivierung freigesetzt wer-
den. Die drei wichtigsten Thrombozytengranula sind α- und dichte Granula, sowie Lysosomen.
Während dichte Granula vor allem anorganische Faktoren enthalten, welche die Thrombo-
zytenaktivierung und -aggregation fördern, speichern α-Granula mehr als 300 verschiedene
Proteine mit einer Vielzahl an Funktionen. Sie sind beispielsweise an Entzündungsprozessen,
Wundheilung und der Aufrechterhaltung vaskulärer Integrität beteiligt. Die funktionelle Signi-
fikanz dieser Faktoren, insbesondere in vivo, blieb bisher allerdings ungeklärt. Diese Doktor-
arbeit beschreibt die Analyse der Rolle von Thrombozytengranula in Thrombose, Hämostase,
Schlaganfall und Entzündung unter Verwendung von drei Knockout-Mauslinien.

Unc13d-/- Mäuse dienten als Modell, um die Rolle der dichten Granulasekretion in Thrombose,
Hämostase, Schlaganfall und der Aufrechterhaltung der vaskulären Integrität nach Thromboin-
flammation zu untersuchen. Die fehlende Freisetzung des Inhalts dichter Granula aus Throm-
bozyten dieser Mäuse führte zu defekter Thrombose und Hämostase. Unc13d-/- Mäuse zeig-
ten deutlich kleinere Infarkte im tMCAO (transient middle cerebral artery occlusion)-Modell des
ischämischen Schlaganfalls. Gleichzeitig wurde jedoch keine erhöhte Blutungsneigung im Ge-
hirn nach Schlaganfall festgestellt. Dies deutet auf eine Schlüsselrolle der Sekretion dichter
Granula in der Infarktentwicklung hin, die jedoch nicht die intrakranielle Hämostase während
des akuten Schlaganfalls beeinflusst.

Der zweite Teil dieser Doktorarbeit behandelt die Rolle von α-Granula unter Verwendung der
Nbeal2-/- Maus. Vor Kurzem wurde gezeigt, dass Mutationen im NBEAL2-Gen das Gray Plate-
let Syndrome (GPS) hervorrufen. Das GPS ist eine seltene erbliche Blutungskrankheit mit Ma-
krothrombozytopenie, defekter α-Granulabiogenese in MKs und dem Fehlen thrombozytärer
α-Granula. Nbeal2-Defizienz führte zu unveränderter MK-Differenzierung, Proplättchenbildung
in vitro und Thrombozytenlebensdauer in vivo. Nbeal2-defiziente Thrombozyten zeigten jedoch
verringerte Adhäsion, Aggregation und Koagulation ex vivo, welche zu einer gestörten arteriel-
len Thrombusbildung und Schutz vor thromboinflammatorischem Schlaganfall nach zerebraler
Ischämie führte. In einem Wundheilungsmodell der Haut zeigte sich bei Nbeal2-defizienten
Mäusen eine verringerte Bildung von Granulationsgewebe während des Heilungsvorgangs.
Die Ursache hierfür lag in der reduzierten Myofibroblastendifferenzierung aufgrund fehlender
α-Granulaausschüttung. Zusammengenommen zeigen diese Ergebnisse, dass α-Granulabe-
standteile nicht nur für Thrombose und Hämostase, sondern auch für akute thromboinflamma-
torische Krankheitszustände und Geweberegeneration nach Verletzung essentiell sind.
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Zusammenfassung

Im dritten Teil dieser Arbeit wurde der Effekt einer kombinierten Sekretionsdefizienz von α-
und dichten Granula mithilfe von Unc13d-/-/Nbeal2-/- Mäusen untersucht. Thrombozyten die-
ser Mäuse zeigten verringerte Aggregation und Adhäsion an Kollagen unter Flussbedingun-
gen ex vivo, sowie massiv verlängerte Blutungszeiten und defekte Thrombusbildung in vivo.
Die defekte Granulafreisetzung in Unc13d-/-/Nbeal2-/- Mäusen führte zum Zusammenbruch der
vaskulären Integrität im tMCAO-Modell des ischämischen Schlaganfalls und zu einer erhöhten
Mortalitätsrate. Im Gegensatz dazu zeigten die doppeldefizienten Mäuse in in vivo Modellen
der Haut- oder Lungenentzündung keine Einblutungen. Dies deutet darauf hin, dass die fehlen-
de Sekretion dichter Granula oder die Abwesenheit von α-Granula für sich genommen keinen
Einfluss auf die Aufrechterhaltung der vaskulären Integrität nach Schlaganfall hat. Die Kombi-
nation beider Defekte führt jedoch zum Zusammenbruch der zerebrovaskulären Integrität und
erhöhter Mortalität nach Schlaganfall.
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1 Introduction

1.1 Platelets

Platelets are small, anucleate cell fragments that are derived from polyploid precursor cells
called megakaryocytes (MKs) which reside predominantly in the bone marrow. Humans typi-
cally show platelet counts between 150,000 to 450,000/µl in the peripheral blood. Mice, which
are an important model organism for the study of thrombosis and hemostasis, exhibit a platelet
count of approximately 1,000,000/µl. The lifespan of a platelet is approximately 10 days in hu-
mans and about 5 days in mice [29, 51, 74].

As platelets lack a nucleus, they have only limited capacity for de novo protein synthesis. They
contain, however, organelles including mitochondria, the open canalicular system (OCS), the
dense tubular system and three different types of granules: α-granules, dense granules and
lysosomes. While dense granules contain mainly non-proteinacious compounds that support
platelet aggregation and lysosomes store proteolytic enzymes, α-granules contain more than
300 different proteins involved in functions like coagulation, platelet adhesion, inflammation,
wound healing and angiogenesis.

Platelets safeguard the integrity of the vascular system and are major players in hemostasis.
In healthy individuals, however, most platelets never become activated and are cleared by the
reticuloendothelial system in the spleen and liver at the end of their lifetime. As soon as platelets
encounter a damaged vessel wall and the exposed components of the subendothelial extracel-
lular matrix (ECM), they become rapidly activated and adhere tightly to both the vessel wall and
to other platelets. Factors released from platelet granules and locally produced thrombin fur-
ther enhance platelet activation in an autocrine and paracrine way thereby supporting thrombus
formation.

Although the process of platelet adhesion and aggregation prevents excessive bleeding after
injury, it can also cause damage in pathological situations, in which uncontrolled platelet ag-
gregation and thrombus formation lead to occlusion of major vessels, e.g. during thrombosis or
after rupture of an atherosclerotic plaque. The latter leads to exposure of thrombogenic material
and is followed by platelet aggregation and formation of a thrombus that may either occlude the
lumen or detach to embolize and block blood flow distal to its point of origin. Atherothrombosis
elicits ischemia which can be fatal in case important organs or tissues are affected [73, 87, 131].

Cerebral ischemia accounts for about 80% of all strokes and is a leading cause of morbidity
and mortality worldwide [126]. Atrial fibrillation and extracranial artery stenoses are the major
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1 Introduction

sources of thromboembolism to the brain. Occlusion of intracranial vessels deprives the re-
spective brain territory of oxygen and glucose supply and leads to acute neurological defects
like hemiparesis or aphasia.

Anti-coagulation or anti-platelet treatments are used for prevention of secondary stroke. Antico-
agulation with warfarin (e.g. in patients with atrial fibrillation) carries a risk of bleeding complica-
tions. Novel oral anticoagulants specifically target thrombin or coagulation factor Xa and have
a more favorable safety profile [43]. Platelet inhibitors such as acetylsalicylic acid (ASA) which
inhibits cyclooxygenase-1 and -2 (COX-1 and -2) and thereby thromboxane A2 (TxA2) produc-
tion or clopidogrel which targets the platelet ADP receptor P2Y12 are widely used. However, the
mechanisms by which antiplatelet agents prevent thrombus growth within the brain microvascu-
lature as well as the multifaceted role of platelets in acute stroke development remain unclear
[172].

There is only one treatment option for acute stroke: thrombolysis with tissue plasminogen ac-
tivator (tPA). Unfortunately, tPA application is restricted to the first 3-4.5 h after stroke, since
afterwards bleeding complications outweigh the benefits of thrombolysis [71, 130]. Even if
the thrombus is resolved, there is a significant incidence of infarct growth, a phenomenon
termed ”reperfusion injury”. The molecular mechanisms involved are still poorly understood
[172]. Therefore, investigations of the mechanisms that govern platelet activation and thrombus
formation are of great importance to understand the role of platelets in acute stroke and to aid
identification of targets that could lead to the development of safe and efficient treatments for
(athero)thrombosis and stroke [189].

1.2 Platelet activation and thrombus formation

Platelet activation and thrombus formation at sites of vascular injury is a multi-step process that
can be divided into three major steps (see figure 1.1): First, platelets encounter von Willebrand
Factor (vWF), which is immobilized on collagen fibres after vessel injury. Interaction of vWF with
the platelet receptor complex glycoprotein (GP) Ib-V-IX starts the platelet activation process
and causes platelet tethering and rolling, which lead to platelet deceleration and enable fur-
ther interactions of platelet receptors. The second step involves binding of the platelet-specific
immunoglobulin superfamily receptor GPVI to the ECM protein collagen [129]. GPVI induces
platelet activation by intracellular signaling processes via an immunoreceptor tyrosine-based
activation motif (ITAM) in the associated Fc receptor (FcR) γ-chain. Platelet activation leads to
the release of second wave mediators, most notably adenosine diphosphate (ADP), secreted
by dense granules, and TxA2, synthesized by COX-1. Platelet activation also increases activity
of platelet scramblases which causes exposure of negatively charged phosphatidylserine (PS)
on the platelet surface. PS provides a surface for the assembly of two major coagulation factor
complexes and subsequent thrombin production, which is amplified through the exposure of
local tisssue factor (TF) [32, 76]. ADP, thrombin and TxA2 further enhance platelet activation
via G protein-coupled receptors (GPCRs) and the downstream G proteins Gq, G12/13 and Gi/Gz
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1.3 Platelet signaling upon activation

to induce full platelet activation [142] which enables recruitment of additional platelets from the
blood stream into the growing thrombus.

Figure 1.1: Platelet adhesion and thrombus formation on components of the ECM. Platelet
tethering at sites of exposed ECM is mediated by GPIb-vWF interactions which causes platelets to
slow down, roll along the vessel wall and form more stable interactions via the GPVI receptor that
binds to exposed collagen fibres. Platelet activation by GPVI-collagen interactions causes integrins
to shift from a low- to a high-affinity state and release of platelet granule content. Secondary medi-
ators released from platelet granules such as ADP and locally produced thrombin further enhance
platelet activation and thrombus growth. Image taken from [187].

All signaling events described converge in the final common pathway of platelet activation:
Integrins on the platelet surface shift from a low to a high affinity state, which enables firm
ligand binding. Platelets express three β1 integrins: α2β1, α5β1 and α6β1, which bind to colla-
gen, fibronectin and laminin, respectively, and two β3 integrins: αvβ3 which binds to vitronectin
and αIIbβ3 [12]. The latter one is the most abundant integrin on the platelet surface and binds
to fibrinogen, vWF, fibronectin, and vitronectin. Thereby it enables stable platelet-platelet inter-
action and adhesion to the ECM. Activated integrins transduce outside-in signals which cause
cytoskeletal rearrangements, spreading and clot retraction [12, 191]. The importance of αIIbβ3
for stable platelet aggregation is illustrated by a disorder called Glanzmann thrombasthenia
which is characterized by impaired αIIbβ3 expression or function that leads to severe bleeding
in affected patients [140].

1.3 Platelet signaling upon activation

There are two major downstream signaling pathways that are activated after ligand binding to
receptors on the platelet surface. Both culminate in the activation of phospholipase C (PLC)
isoforms which is followed by an elevation of intracellular calcium levels ([Ca2+]i). Increase in
[Ca2+]i is a prerequisite for granule release, integrin activation and procoagulant activity (see
figure 1.2).

As mentioned above, soluble factors such as ADP, TxA2 and thrombin activate platelets via
GPCR-mediated signaling pathways that cause shape change, degranulation and activation of

3



1 Introduction

Figure 1.2: Platelet signaling upon activation. Soluble factors like ADP, TxA2 and thrombin acti-
vate platelets via binding to G-protein coupled receptors (GPCRs) and stimulate Gq, G12/13 and Gi.
Signaling downstream of Gq leads to activation of PLCβ. Furthermore, GPCRs induce activation of
Rho GTPases leading to cytoskeletal rearrangements. Adhesion receptors, like the major collagen
receptor GPVI and active integrins induce PLCγ2 activation upon ligand binding. PLCs generate di-
acyl glycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) which induce an increase in intracellular
Ca2+ levels, which is crucial for platelet shape change, aggregation and granule secretion. PIP2,
phosphatidylinositol-4,5-bisphosphate; PI-3-K, phosphoinositide-3-kinase; PKC, protein kinase C;
PLC, phospholipase C. Image taken from [187].

integrin αIIbβ3 which leads to platelet aggregation. While ADP binds to the receptors P2Y12

and P2Y1 to activate Gi and Gq, TxA2 binds to the thromboxane receptor (TP). The protease-
activated receptors (PAR) 1 and 4 (human) or 3 and 4 (mouse) are activated by proteolytic
cleavage of their N-terminus by thrombin, which exposes a so-called ”tethered ligand” that
activates the cleaved receptors to stimulate Gq and G12/13 [114].

The second pathway involves the major platelet collagen receptor GPVI and the C-type lectin-
like receptor 2 (CLEC-2), that binds the endogenous ligand podoplanin, which is not expressed
within the vasculature, and the snake venom toxin rhodocytin [134, 177]. The GPVI receptor
is non-covalently associated with an FcR γ-chain homodimer which serves as the signal trans-
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1.3 Platelet signaling upon activation

Figure 1.3: Signaling of the GPVI/FcR γ-chain complex. Crosslinking of GPVI dimers through
binding to glycine–proline–hydroxyproline (GPO) motifs in collagen causes Fyn/Lyn-mediated phos-
phorylation of the FcR γ-chain ITAMs. This in turn initiates a Syk-dependent signaling cascade, ul-
timately leading to PLCγ2 and PI3K activation that triggers integrin activation, Ca2+ mobilization,
platelet aggregation and degranulation. Image taken from [38].

ducer of the receptor complex. GPVI recognizes glycine–proline–hydroxyproline (GPO) motifs
within collagen, which spontaneously form helical structures. Collagen binding triggers receptor
crosslinking, that leads to phosphorylation of the two tyrosine residues within the ITAM on the
FcR γ-chain by the Src family kinases (SFKs) Fyn and Lyn [38, 134].

CLEC-2 contains a single conserved cytosolic YXXL sequence (hemITAM) which upon recep-
tor multimerization is phosphorylated and enables receptor signaling. Phosphorylation of the
(hem)ITAMs in the FcR γ-chain and CLEC-2 leads to recruitment, phosphorylation, and acti-
vation of the tyrosine kinase Syk. Syk initiates a downstream signaling cascade involving the
adaptors linker of activated T cells (LAT) and SH2 domain containing leukocyte protein of 76
kDa (SLP-76) which leads to activation of PLCγ2 and phosphoinositide-3 kinase (PI3K) (see
figure 1.3) [38, 134].

Activation of PLCs finally results in the production of 1,4,5-trisphosphate (IP3) and diacylglyc-
erol (DAG) by hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2). IP3 triggers Ca2+ re-
lease from intracellular stores and in turn STIM1 opens Orai1 Ca2+ channels in the plasma
membrane, a process called store-operated calcium entry (SOCE). DAG on the other hand
mediates non-SOCE through canonical transient receptor potential channel 6 (TRPC6). Addi-
tionally, a direct receptor-operated calcium (ROC) channel, P2X1 and a Na+/Ca2+ exchanger
(NCX) contribute to the elevation in [Ca2+]i [186] which is essential for platelet activation, gran-

5



1 Introduction

Figure 1.4: Signaling pathways downstream of platelet GPCRs. Shown are some of the sig-
naling mechanisms linking the activation of GPCRs by ADP, TxA2, and thrombin via the G pro-
teins Gi, Gq and G13 to the induction of platelet shape change, aggregation and degranulation.
RhoGEF: Rho-guanine nucleotide exchange factor, PIP5K: phosphatidylinositol-4-phosphate 5-
kinase, MPase: myosin phosphatase, MLCK: Myosin light chain kinase, DAG: diacyl glycerol,
CalDAG-GEF: calcium and diacyl glycerol-regulated guanine nucleotide exchange factor, PIP3:
phosphatidylinositol-3,4,5-trisphosphate. Image taken from [142].

ule secretion and aggregation [15].

There are several steps required for the activation of the integrin αIIbβ3 to take place: Ca2+

influx via SOCE and ROCE leads to the activation of Ca2+- and DAG-regulated guanine nu-
cleotide exchange factor I (CALDAG-GEFI) which converts RAP1 from its inactive GDP-bound
form to its active GTP-bound form. PKCα facilitates CALDAG-GEFI activation [165]. It is thought
that in a next step the Rap1-GTP–interacting adaptor molecule (RIAM) and talin are recruited
to the plasma membrane. Subsequently, talin binds to the β3 integrin subunit and activates in-
tegrin αIIbβ3 [165]. However, recently it has been reported that RIAM is dispensable for platelet
integrin activation in mice [173]. Besides talin, it was shown that kindlin-3 is an essential reg-
ulator of integrin β3 and β1 activation and platelet aggregation. The exact role of kindlin-3 in
integrin activation, however, remains unknown [124].

Platelet shape change is one of the first reactions of the cells to stimulation by thrombin, TxA2,
ADP and other agonists. It is mediated by Myosin light chain (MLC) phosphorylation which
causes actomyosin contraction. MLC phosphorylation is controlled through a Ca2+/calmodulin-
dependent regulation of MLC kinase (MLCK) downstream of Gq and through a Rho/Rho-

6
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kinase–mediated regulation of myosin phosphatase downstream of G12/13 [142]. Platelet ac-
tivation involves a major reorganization of the cytoskeleton, including the formation of new actin
filaments at the cytoplasmic side of the plasma membrane and centralization of α- and dense
granules enabling concerted degranulation (see figure 1.4). Depolimerization of the microtubule
coil that surrounds the platelet enables shape change from discoid to spherical [75].

1.4 Megakaryocytes

Platelets are derived from precursor cells called megakaryocytes (MKs) that reside in the bone
marrow. These specialized cells differentiate from hematopoietic stem cells (HSCs) and are
capable of producing up to 10,000 platelets each [98, 111, 190]. During their development they
undergo significant changes in morphology, size and DNA content.

Mature MKs show several unique characteristics, such as their size (50-100 µm in diameter),
the presence of a single, large multilobed nucleus and polyploidy. Polyploidization begins in
immature MKs through a process called endomitosis, which is incompletely understood. En-
domitosis is most likely caused by alterations in the regulation of the mitotic exit which causes
abortive mitosis and a major defect in cytokinesis [188].

Furthermore, mature MKs express specific surface glycoproteins (e.g. GPIb, GPIX and GPV),
show a large number of ribosomes that enable high protein synthesis rates and the presence
of a demarcation membrane system (DMS) as well as α- and dense granules. The DMS serves
as a membrane reservoir during platelet formation. Secretory proteins, such as vWF, are syn-
thesized and packed into granules, others, like fibrinogen are taken up via endocytosis and
transported into platelet granules [143, 144, 161].

The exact mechanism of platelet formation by MKs has been discussed controversially over
the last decades. Some groups support the idea of a fragmentation model according to which
mature MKs “burst” into thousands of platelets in the bone marrow [103]. On the other hand,
the flow model of platelet formation implies that mature MKs form pseudopodial extentions,
so-called proplatelets, which extend into the bone marrow vascular sinusoids where they are
released. Recent studies using in vitro and in vivo analyses consistently report proplatelet for-
mation from MKs as a common feature of platelet biogenesis. In vitro cell culture systems have
been instrumental in studying mechanisms of proplatelet formation [144, 161, 180]. Impor-
tantly, recent in vivo studies could show that, under physiological conditions, mature MKs shed
proplatelet-like structures into sinusoids of the bone marrow which are then further fragmented
to platelets by the shear forces present in blood vessels (see figure 1.5) [90, 201]. However,
there are other very recent investigations using in vivo microscopy showing that IL-1α-triggered
MK rupture takes place upon acute platelet needs [133, 135]. Therefore, it is likely that both
mechanisms exist in parallel but serve different functions: Continuous platelet release via pro-
platelet formation in normal physiology and MK rupture under conditions of increased platelet
loss or consumption, e.g. as a result of excessive blood loss or in the setting of infection or
inflammation.
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Figure 1.5: Platelet release from megakaryocytes. In the bone marrow, HSCs give rise to
megakaryocytes. During maturation they undergo endomitosis, a dramatic increase in size, develop
a demarcation membrane system and form granules. Following maturation, they produce extensions
called proplatelets that reach into sinusoidal vessels. Platelets are then shed from proplatelets into
the blood stream. Image taken from [9].

Cytoskeletal proteins play an important role during platelet formation. Proplatelets consist of
actin-rich swellings which are connected by thin cytoplasmic strings or shafts that are lined by
β1-tubulin. Dynein and β1-tubulin provide the force for proplatelet elongation. It is therefore not
surprising that mice lacking β1-tubulin exhibit platelet counts that are reduced by 60% and that
the remaining platelets show structural and functional defects [9, 111, 144]. Proplatelet branch-
ing is regulated by actin and myosin while myosin IIa (encoded by MYH9) limits platelet forma-
tion. Mutations in the MYH9 gene cause aberrant platelet shedding which leads to macrothrom-
bocytopenia and a disease called the May-Hegglin syndrome [181]. The small Rho GTPase
RhoA plays a central role in the organization of the actin cytoskeleton in various cell types.
The function of RhoA in proplatelet formation, however, is discussed controversially. Studies
using retroviral transfection of CD34+ cells could show that RhoA acts as a negative regulator
of proplatelet formation [23]. In contrast, analyses using a MK-specific knockout mouse model
revealed that absence of RhoA leads to severe macrothrombocytopenia [147, 175].
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1.4.1 Megakaryopoiesis

Early HSCs develop into the common lymphoid progenitor (CLP) and the common myeloid pro-
genitor (CMP). CMPs give rise to granulocyte/macrophage progenitors (GMP) and megakary-
ocyte/erythrocyte progenitors (MEP). The latter are committed to forming MKs and erythroid
cells [9]. MK differentiation is driven by the cytokine thrombopoietin (TPO) and its receptor
c-Mpl. Full knockout of either of the two results in a decrease in platelet and MK numbers to
approximately 10% while their ultrastructures remain unaltered [70, 21]. Interestingly, condi-
tional knockout of c-Mpl in the megakaryocytic lineage increases platelet numbers 10-fold due
to an excess number of MKs and their progenitors [127]. Under normal conditions, TPO is con-
tinuously synthesized in the liver and the plasma level is maintained by its clearance from the
circulation via binding of TPO to platelet c-Mpl receptors.

Another important regulator of megakaryopoiesis is stromal cell-derived factor-1 (SDF-1, also
called CXCL12) which is involved in the development, recruitment and homing of MKs. SDF-1
is thought to control the migration of MKs from the osteoblastic to the vascular niche during
which MK maturation likely takes place [143]. However, this current model of MK migration and
maturation has recently been challenged by the finding that the dense blood vessel network in
the murine bone marrow spatially limits MK migration [van Eeuwijk et al, unpublished].

In addition, the cytokines GM-CSF, IL-3, IL-6, IL-11, IL-12 and erythropoietin (EPO) support
proliferation of MK precursors while IL-1α and leukemia inhibitory factor (LIF) induce MK mat-
uration.

1.4.2 Transcription factors in megakaryopoiesis

Dimerization of the c-Mpl receptor causes auto-phosphorylation of janus kinase 2 (JAK2) which
in turn activates mitogen-activated protein kinases (MAPK), phospho-inositol-3 kinase (PI3K)
and signal transducers and activators of transcription (STATs). This leads to the upregulation of
genes that drive MK maturation [181]. Two of the most important genes are discussed below.

GATA1 is a zinc-finger transcription factor that binds the DNA sequence GATA as well as its
co-factor friend of GATA1 (FOG1). It is highly expressed in erythroid cells, mast cells and MKs.
GATA1 targets the CCND1 gene which encodes the cell cycle regulator cyclin D1 and facilitates
MK polyploidization and cytoplasmic maturation.

RUNX1 belongs to the RUNT family of transcription factors and mutations in the RUNX1 gene
are frequently observed in acute leukemia. Full knockout of RUNX1 almost completely abol-
ishes hematopoiesis during development. Conditional RUNX1 knockout causes reduced MK
polyploidization and cytoplasmic maturation, comparable to that seen in GATA1 knockout mice.
As it has been shown that RUNX1 regulates myosin light chain 9 and non-muscle myosin IIa
and IIb, the effects observed might be caused by cytoskeletal defects [111, 144, 181].
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1.5 Platelet granules

Platelets contain three major types of granules: α-granules, dense granules and lysosomes. α-
granules are the most abundant ones with 50-80/human platelet and account for approximately
10% of the total platelet mass. In addition, they provide a large reservoir (approximately 14
µm2) of membrane, which is about the size of the OCS. Together, α-granules and the OCS
provide enough membrane to enable the increase in platelet size upon activation and spreading
[16, 52].

Morphologically, α-granules can be distinguished from other platelet structures using electron
microscopy through the observation of the following features: a peripheral membrane, tubular
and vesicular structures formed by large vWF multimers, an area with low electron density that
contains fibrinogen and a small electron-dense spot comprising β-thromboglobulin, PF4 and
proteoglycans [16, 99].

Dense granules occur less frequent (3-9/human platelet) than α-granules and account for 1%
of the total platelet volume. They are characterized by a large electron-dense spot seen in
electron microscopic analysis, which is due to high concentrations of ADP, ATP, Ca2+, Mg2+

and serotonin [99].

Lysosomes contain various proteolytic enzymes which are active under acidic conditions. They
cannot be distinguished from α-granules in EM images, however, they can be identified using an
acidic phosphatase staining [13]. Lysosomes contain glycosidases, proteases and bactericidal
proteins. Prominent proteins present in the granule membrane are LIMP (CD63) and LAMP-1
and -2 [153].

1.5.1 Platelet granule content

Platelet α-granules contain membrane proteins as well as soluble proteins which upon platelet
activation are recruited to the plasma membrane or secreted into the extracellular space, re-
spectively. While most of the membrane proteins stored in α-granules, such as the tetraspanin
CD9 and integrins αIIb, α6 and β3 are already present on the platelet surface in the resting
state, there are some (e.g. P-selectin) which are not. This allows the use of P-selectin surface
expression as a marker for platelet α-granule secretion. Additional recruitment of adhesion re-
ceptors such as integrin αIIbβ3 might support platelet adhesion and aggregation at the site of
vessel injury.

More than 300 different proteins are stored in α-granules. They play a role in diverse processes
such as platelet adhesion, coagulation, hemostasis, inflammation, wound healing, tumor growth
and angiogenesis (see figure 1.6 and the following section) [16].
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Figure 1.6: Platelet granule content. Platelets contain three major types of granules: α-granules,
dense granules and lysosomes. While dense granules contain mainly non-protein compounds such
as ADP, ATP and Ca2+ and lysosomes store proteolytic enzymes, α-granules contain more than
300 different proteins involved in functions like coagulation, platelet adhesion, inflammation, wound
healing and angiogenesis.

1.5.2 Platelet granule content in normal physiology and pathophysiology

Hemostasis

Platelet α-granules contain factors that are involved in secondary hemostasis: e.g. the coag-
ulation factors V, XI and XIII. They also store factors like the plasminogen activator inhibitor-1
(PAI-1), which inhibits the tPA, thereby limiting plasmin-mediated fibrinolysis, thus preventing
removal of the hemostatic plug. However, platelet α-granules also comprise numerous fac-
tors that counteract coagulation such as tissue factor pathway inhibitor (TFPI), protein S and
plasmin(ogen). This exemplifies the function of platelets in the delicate task of fine-tuning the
hemostatic and coagulation response [16, 61].

Inflammation

Several soluble proteins and receptors stored in platelet α-granules participate in inflammation.
One of the most important proteins that mediates platelet-immune cell interaction is P-selectin,
which is exposed on the platelet surface upon activation. P-selectin can bind to P-selectin
glycoprotein ligand-1 (PSGL1) on endothelial or immune cells and thereby enables platelets to
bind to the inflamed endothelium, to recruit circulating monocytes, neutrophils and lymphocytes
and to initiate an inflammation response at the site of injury. In addition, platelets secrete pro-
and anti-inflammatory cytokines upon activation. The two most prominent cytokines stored in α-
granules are CXCL4 (PF4) and CXCL7 (platelet basic protein). CXCL4 has been shown to stim-
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ulate neutrophil adhesion and degranulation as well as monocyte activation and recruitment.
Furthermore, it is thought to be an important angiostatic factor as it inhibits endothelial cell pro-
liferation. CXCL7 recruits neutrophils and facilitates their adhesion to the endothelium. Addition-
ally, CXCL7 can be cleaved to give rise to several other chemokines (PBP, CTAP-III, b-TG, and
NAP-2) of which NAP-2 is involved in chemotaxis of neutrophils [16, 58, 61, 97, 153, 163, 200].

Furthermore, platelet α-granules contain CXCL1 (GRO-α), CXCL5 (ENA-78), CXCL8 (IL-8),
CXCL12 (SDF-1α), CCL2 (MCP-1), CCL3 (MIP-1α), and CCL5 (RANTES). CXCL5 was shown
to regulate neutrophil migration and pulmonary host defense to bacterial infection. CCL5 is in-
volved in monocyte recruitment and there are reports stating that it also enhances HIV infectivity
[97, 156].

Atherosclerosis

Atherosclerosis is characterized by an accumulation of lipids and immune cells (macrophages,
T cells and mast cells) in the artery wall, thereby causing its thickening. This accumulation of
cells is called atherosclerotic plaque and is covered by vascular smooth muscle cells and a
fibrous cap containing collagen. While platelets play a major role in thrombus formation after
rupture of the atherosclerotic plaque, there have also been reports stating that platelets and
platelet–leukocyte/monocyte aggregates are involved in the process of atheroslcerotic plaque
formation [83]. The plaque formation is mediated by platelet-derived pro-inflammatory cytokines
and platelet P-selectin. The chemokines CCL2, 3 and 4, as well as CXCL4 and CXCL12, that
are stored in platelet α-granules, have been detected in atherosclerotic plaques and their inhibi-
tion has been shown to dampen disease progression. As all of these factors, except CXCL4, are
also secreted from immune cells, it is at this point unknown to which extent platelet chemokines
are involved [16, 73, 83].

Host defense against bacteria

Platelets play a role in host defense against bacterial infections by binding and internalizing
pathogens via interactions of integrin αIIbβ3 with proteins on the pathogen surface [8, 84].
Through the release of antimicrobial proteins called thrombocidins that are stored in α-granules,
platelets are able to kill bacteria both in vitro and in vivo. Platelets were shown to efficiently kill
Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Lactococcus lactis [16, 102].
Beyond this, it was recently shown that platelets bind Plasmodium falciparum-infected ery-
throcytes and kill the parasite inside the cell [120]. During endotoxemia and sepsis, neutrophil-
platelet interactions are required for the formation of neutrophil extracellular traps (NETs), which
are DNA-based structures that capture and eliminate microbes [119].

Angiogenesis

Platelet α-granules contain both pro- and antiangiogenic factors, notably a number of growth
factors: vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), fi-
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broblast growth factor (FGF), epidermal growth factor (EGF), hepatocyte growth factor (HGF),
and insulin-like growth factor (IGF). All of these are engaged in recruitment and growth of en-
dothelial cells and fibroblasts. Furthermore, α-granules also store angiopoietin, CXCL12 and
matrix metalloproteinases [16, 138, 20]. Interestingly, at the same time platelets also store a
number of anti-angiogenic factors, such as thrombospondin (TSP), CXCL4 (PF4), angiostatin
and tissue inhibitors of metalloproteinases (TIMPs). TSP not only inhibits proliferation of en-
dothelial cells, but also induces their apoptosis and CXCL4 prevents VEGF binding to its cel-
lular receptor. Recently, there have been studies showing that pro- and antiangiogenic factors
are packed differentially in α-granules and are released in an agonist-dependent way [86, 85].
However, there are also reports which state that there is no functional coclustering of proteins
in α-granules [94].

Wound healing

Wound healing is a multi-step-process comprising of inflammation, tissue formation and tissue
remodeling. It involves the proliferation and the migration of smooth muscle cells (SMCs), fi-
broblasts and endothelial cells. Platelet releasate influences wound healing at several stages of
the repair process. Platelets are among the first cells to act at sites of injury and restore vascular
integrity by adhesion to the damaged endothelium and subsequent thrombus formation. Acti-
vated platelets secrete mediators that attract neutrophils, macrophages, endothelial cells and
fibroblasts to the wound site. It is known that VEGF stimulates re-epithelialization and angio-
genesis, while PDGF attracts fibroblasts and stimulates their proliferation. Platelet α-granules
contain TGF-β, which is required for the differentiation of myofibroblasts, which produce the
majority of extracellular matrix components that form the granulation tissue and the resulting
scar. While the contribution of TGF-β to the wound healing process is well established, the role
of platelet α-granule derived (growth) factors is unknown [40, 41, 42, 104, 136, 164, 192, 193].

Metastasis

The first experimental evidence for the involvement of platelets in metastasis dates back to
1968 [55]. While this study only described the correlation between platelet count and the extent
of tumor metastasis, other studies could later show the importance of platelet integrin αIIbβ3
binding to fibronectin or vWF during the metastatic process [96].

The function of the GPIb-V-IX complex in tumor metastasis is being discussed controversially
since functional inhibition of GPIbα in vivo using Fab-fragments of a monoclonal antibody pro-
moted melanoma metastasis indicating an inhibitory role of GPIbα [44]. In sharp contrast, re-
duced experimental metastasis was observed in mice deficient in the extracellular domain of
GPIbα or the entire GPIb-V-IX complex [88]. To date, no convincing explanation for this discrep-
ancy has been provided.

A recent publication indicates that platelet granule contents are crucial to prevent tumor hemor-
rhage, likely via angiopoietin or serotonin [80]. Besides serotonin, ATP is another important fac-
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tor stored in platelet dense granules that was shown to play a role in tumor metastasis and vas-
cular permeability. ATP secreted from platelets acts on the P2Y2 receptor on endothelial cells
to increase vascular permeability and allows tumor cell extravasation [162]. Generally, platelets
likely influence tumor cell survival in the bloodstream and metastasis at different stages by
platelet-leukocyte-tumor cell cohesion, coagulation, immune cell evasion and adhesion to the
vessel wall [44, 56, 171].

1.5.3 Biogenesis of platelet granules

Platelet granule development begins in the MK residing in the bone marrow. Young MKs contain
multivesicular bodies (MVBs) and have instead much less α- and dense granules [77]. Platelet
granules derive from MVBs, which serve as sorting stations. Cargo proteins are transferred to
the MVBs in two ways. On the one hand proteins synthesized in the MK arrive at the trans-Golgi
network (TGN) and are packed into vesicles which bud off and fuse with MVBs. On the other
hand, proteins (e.g. fibrinogen) are taken up from the extracellular space via endocytosis and
the endosomes formed also fuse with MVBs. This process has been shown to continue even in
mature platelets [16, 99, 204].

As MKs mature, the number of α- and dense granules increases while the number of MVBs de-
creases. At the same time the DMS is formed and granules are transported into the proplatelet
territories [26]. While the exact mechanism of granule biogenesis and protein sorting in MKs
remains incompletely understood, an increasing number of proteins that are involved in these
processes is being identified. The adaptor proteins (AP) 1-3, for example, were shown to be
expressed in platelets. While AP-1 is involved in protein transport from the TGN to MVBs, AP-2
plays a role in the endocytotic pathway and AP-3 deficiency has been shown to impair dense
granule formation and to cause a storage pool disease [108, 203]. Both the synthetic and the
endocytic pathway involve clathrin and recently it has been shown that VPS16B and VPS33B
are important factors in α-granule formation [50, 184]. Shortly before, it had been shown that
mutations in NBEAL2 cause the gray platelet syndrome (GPS) [5, 68, 91]. The GPS is a rare
inherited platelet disorder characterized by defective α-granule biogenesis. Its clinical features
appear heterogenous but include a deficiency of most α-granular proteins, a platelet aggrega-
tion defect, a mild to moderate bleeding tendency, macrothrombocytopenia, myelofibrosis and
splenomegaly (see section 1.5.5). While mutations in VPS16B and VPS33B cause complete
absence of α-granules, α-granules in platelets from GPS patients appear empty and vacuole-
like, indicating that VPS16B and VPS33B act earlier in the process of granule biogenesis com-
pared to NBEAL2.

Correct targeting of synthesized proteins to α-granules is ensured by specific signal peptide
sequences and for a number of proteins these have been identified. The core signal peptide se-
quence of CXCL4 consists of four amino acids (LKNG) that form a surface-exposed hydrophilic
loop. A similar sequence was identified for RANTES and NAP-2 [39]. The exact mechanism by
which soluble proteins are stored in platelet vesicles remains unclear, however, the proteogly-
can serglycin was shown to be essential for the storage of CXCL4, β-TG and PDGF [195].
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Once the granular proteins are packed into the respective granules, the granules themselves
have to be transported to the correct location within the mature MK. Previously, it had been
thought that the DMS divides the MK into future (pro)platelets. Today it is known that in normal
physiology platelets are mostly released from the proplatelet extensions of MKs that reach into
the bone marrow sinusoidal vessels. During proplatelet formation, organelles, such as granules
and mitochondria are transported from the MK body to the proplatelets along the proplatelet
shafts in a discontinuous fashion. Despite the bidirectional movement along shafts, the particles
are eventually captured at the proplatelet tip. Immunofluorescence and electron microscopy
studies indicate that organelles are in direct contact with microtubules, and their movement
appears to be independent of actin. The motor protein kinesin is localized in a pattern that
corresponds to that of organelles and granules and is probably responsible for transporting
them along microtubules.

There are two mechanisms being discussed for the microtubule-associated bidirectional trans-
port of organelles in proplatelets: (i) organelles are propelled along microtubules by motor pro-
teins; (ii) organelles bind to microtubules that slide bidirectionally in relation to other filaments
to indirectly move organelles along in a piggyback fashion [86, 90, 144, 154].

1.5.4 Platelet secretion

Fusion of vesicles with the plasma membrane is required for a plethora of processes in differ-
ent cell types, such as the release of neurotransmitters, cytokine release from mast cells or
platelet degranulation. It is therefore not surprising that a common mechanism evolved which is
largely conserved among eukaryotes and involves the SNAP receptor (SNARE) protein family.
SNAREs were first analyzed by their interaction with NSF (N-ethylmaleimide sensitive factor)
and SNAP (soluble NSF attachment protein), which are required for vesicle fusion with the
plasma membrane. According to the SNARE hypothesis, three t-SNAREs on the target mem-
brane bind one v-SNARE on the vesicular membrane, forming the trans-SNARE complex con-
sisting of a four-helix bundle. The SNARE proteins then generate the force needed to fuse the
membranes in a zipper-like fashion [169, 174].

There are three major classes of SNARE proteins: synaptosomal-associated proteins (SNAPs),
vesicle-associated membrane proteins (VAMPs) and syntaxins. SNAPs contain two SNARE
motifs, but lack a transmembrane domain and instead are anchored via palmitoylated cysteine
residues or interactions with other SNAREs. All syntaxins contain one SNARE motif and are
transmembrane proteins with their C-terminus forming the lipid anchor. The only exception is
syntaxin 11 which does not have a transmembrane domain. VAMPs contain a SNARE motif
and a transmembrane domain and are rather small with most members of this family consisting
of less than 120 amino acids. On the other hand, syntaxins are larger than 230 amino acids
[81].

Identification of the first SNARE proteins in platelets dates back to 1997 [106]. Today it is known
that platelets contain a large number of SNAREs and associated proteins that tightly regulate
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Figure 1.7: The platelet secretory machinery. The platelet secretory machinery consists of three
major components: v-SNAREs on the granule membrane, t-SNAREs on the cytoplasmic side of the
plasma membrane and SM (sec/munc-like) proteins that facilitate binding of the SNARE proteins
and formation of a four-helix bundle. The most abundant SM protein in platelets is Munc13-4.

the secretion process. VAMP8 was shown to be involved in platelet granule secretion and mice
deficient in VAMP8 were protected in an in vivo thrombosis model [60, 63, 150, 152]. For a long
time it was unclear which syntaxin plays the most important role in platelet secretion. Recently,
it has been demonstrated that STX11, the gene encoding for syntaxin 11 is mutated in patients
with Familial Haemophagocytic Lymphohistiocytosis 4 (FHL4), a rare auto-immune disease. Pa-
tients with FHL4 show reduced erythrocyte and platelet numbers. Syntaxin11-deficient platelets
display abrogated α- and dense granule release, although platelet granule number and content
were unaltered [199]. There are reports which used an in vitro exocytosis assay to show that
SNAP-23 is an important SNAP isoform in platelets, however, direct evidence is missing since
the full knockout is embryonic lethal and the platelet-specific knockout has not been analyzed
yet [24, 60].

SM (sec/munc-like) proteins or STXBPs (syntaxin binding proteins) regulate the vesicle release
process by binding to the SNARE proteins in the four-helix bundle [4, 60, 113, 174]. STXBP2
for instance binds to syntaxin 11 and a mutation in the STXBP2 gene causes FHL5 and a
defective platelet secretion [4]. Munc13-4 is the most abundant protein of the UNC13 family in
platelets and was first identified as a Rab27 interactor. Later, it was shown that it is crucial for
the release of cytolytic granules at the immunological synapse. Interestingly, the lytic granules
of the cytotoxic T lymphocytes (CTL) and natural killer (NK) cells defective in this protein accu-
mulate at the plasma membrane, but are unable to secrete their content, indicating a defect in
vesicle priming. Mutations in UNC13D cause FHL3 which is associated with defective cytotoxic
activity in CTLs and NK cells [48, 112]. Unc13dJinx knockout mice in which a frameshift muta-
tion in the Unc13d gene causes absence of the Munc13-4 protein show an abrogated platelet
dense granule secretion and reduced α-granule release that leads to protection not only from
thrombosis in vitro and in vivo [151, 159], but also from tumor metastasis [162] due to increased
vascular permeability.
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1.5.5 Platelet granule disorders

There are two types of inherited platelet disorders that involve platelet granules: those that
show a defect in granule biogenesis and those that are characterized by defects in proteins
which are part of the granule secretory machinery. The former render the platelet deficient of a
certain granule subtype or reduce its content, while the latter show normal granule counts and
morphology, but are unable to secrete the content of those granules.

The Platelet storage pool disease (SPD) is a heterogenous group of platelet disorders char-
acterized by a reduction in the number or content of dense granules. Key features of the
Hermansky-Pudlak syndrome (HPS) involve moderate bleeding and oculocutaneous albinism
while some subtypes show more severe deficiencies. The 9 genes found to be mutated in
HPS (HPS1 to HPS6, DTNBP1, BLOC1S3 and BLOC1S6 (PLDN)) are involved in the biogen-
esis or the function of lysosome-related organelles (LROs). LROs share certain features with
lysosomes (e.g. low pH, common biogenesis pathway), but have distinct morphologies and
functions. Examples of LROs are melanosomes, lytic granules in cytotoxic T cells, basophil
granules in mast cells, platelet dense granules and Weibel-Palade bodies in endothelial cells
[82]. Every mutation gives rise to a certain subtype of HSP. The most severe subtype is HSP1
with associated immunodeficiencies, Crohn’s disease and pulmonary fibrosis [115, 140].

The Chediak-Higashi syndrome (CHS) is associated with bleeding, progressive neurological
dysfunctions and severe immunological defects including severe infections with Staphylococ-
cus aureus, Streptococcus, Candida or Aspergillus, especially in children. These defects are
caused by reduced leukocyte migration, abnormal NK cell function and reduced platelet dense
granule content, which leads to impaired platelet aggregation. About 85% of the CHS pa-
tients develop lymphohistiocytosis, which is caused by dysregulated lymphocyte proliferation
and can lead to fever, anemia, neutropenia, thrombocytopenia, hepatosplenomegaly, and lym-
phadenopathy. CHS is caused by mutations in LYST, which encodes for the lysosomal traffick-
ing regulator (LYST), also known as the Chediak-Higashi Syndrome 1 (CHS1) protein. LYST
is a 429 kDa member of the Beige and Chediak (BEACH) protein family. It contains a PH-like
domain, Armadillo (ARM) and HEAT motifs, a C-terminal WD40 domain, a Concanavalin A
(ConA)-like lectin domain and a BEACH motif [27, 137].

Pleckstrin homology (PH) domains are present in proteins involved in intracellular signaling
and cytoskeletal proteins. While the sequence homology of this domain is rather low, the three-
dimensional structure is very well conserved. PH domains bind to phospholipids, especially
phosphoinositides. A WD40 repeat is a short sequence that normally ends with a tryptophan
and aspartic acid dipeptide. A WD40 domain is formed by 4 to 16 of these repeats and shows a
β-propeller structure. WD40 repeat proteins are involved in a number of functions, such as cell
cycle control, signal transduction and, most importantly, vesicle trafficking. ConA-like domains
were proposed to be involved in oligosaccharide binding and protein sorting during secretion
and to play a role in the vesicle fusion machinery [22].

Members of the BEACH family are large proteins involved in vesicle transport, apoptosis, mem-
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brane dynamics and receptor signaling. They are receiving increasing attention because sev-
eral of them have been associated with diseases. Besides LYST, there are eight other pro-
teins in this family: neurobeachin (NBEA), neurobeachin-like 1 and 2 (Nbeal1 and Nbeal2),
lipopolysaccharide-responsive, beige-like anchor protein (LRBA), WD and FYVE zinc finger
domain containing protein 3 and 4 (WDFY3 and WDFY4), neutral sphingomyelinase activation-
associated factor (NSMAF) and WD repeat domain 81 (WDR81). While LYST mutations cause
the CHS, it was shown that mutations in LRBA are associated with autoimmune diseases, that
NBEA is potentially involved in autism and that NBEAL1 is upregulated in glioma. Only recently
it was demonstrated that mutations in NBEAL2 cause the GPS [5, 68, 91, 82].

As mentioned above, the GPS is a rare inherited platelet disorder characterized by defective α-
granule biogenesis. Its clinical features appear heterogenous but include a gray appearance of
platelets on May-Grünwald-Giemsa stained blood smears, a deficiency in most α-granular pro-
teins (e.g. fibrinogen, vWF, PF4, PDGF and β-TG), an unaltered expression of major glycopro-
teins on the platelet surface, a mild to moderate bleeding phenotype, macrothrombocytopenia,
myelofibrosis, emperipolesis and splenomegaly. Platelets from GPS patients lack α-granules
and instead show an increased number of vacuoles. They have severe platelet aggregation
defects and platelets are unable to spread on poly-L-lysine, collagen and fibrinogen [145, 140].
The dramatic reduction in α-granular proteins and some of the other symptoms are thought
to be caused by the defective packaging or sorting of proteins into α-granules in the MKs.
However, direct experimental evidence is lacking [139].

FHL is a severe syndrome of immune dysregulation. It is the primary form of haemophago-
cytic lymphohistiocytosis (HLH) and is caused by mutations in genes that are involved in the
cytolytic activity of NK cells and cytotoxic T cells. FHL consists of a family of disorders charac-
terized by hemophagocytic syndrome (HS). Central to HS is impaired lymphocyte homeostasis
which is caused by defective cytotoxic granule secretion, multisystemic inflammation and organ
infiltration by activated CD8+ T cells and macrophages [31].

The genetic cause for FHL1 has not been identified, but it is known that FHL2 is related to
mutations in perforin. Recently, a new FHL subtype has been identified that is not caused by
mutations in perforin but by mutations in UNC13D. The Munc13-4 protein enables release of
lytic granules docked at the plasma membrane of cytotoxic T lymphocytes and natural killer
cells in a way similar to that described in platelets [48, 121].

1.6 Aim of this study

An increasing number of studies suggests that the role of platelets extends beyond their func-
tion in thrombosis and hemostasis and that platelets take part not only in (thrombo-)inflamma-
tory processes that occur following ischemia, sepsis and wound healing, but also in tumor cell
migration and metastasis. While there are several receptors expressed on the platelet surface
that are involved in these pathological conditions, it has also been shown that the contents of
platelet granules contribute to these processes [61, 130, 162, 171, 194].
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1.6 Aim of this study

Under conditions of inflammation, platelets prevent hemorrhage [59] and it was shown that
(hem)ITAM signaling of GPVI and CLEC-2 is important for this process [18]. While the down-
stream effectors remained elusive, it was speculated that vasoactive mediators released from
platelet granules might play an important role.

Therefore, the aim of this study was to investigate the role of platelet dense and α-granules in
thrombosis, hemostasis, (thrombo-)inflammation and maintaining vascular integrity during in-
flammation. Unc13d-/- and Nbeal2-/- mice were used to study the effects of defective dense and
α-granule release on in vitro and in vivo thrombosis and hemostasis models. Using Nbeal2-/-

mice a proof-of-concept study was performed using a reverse genetics approach to unravel
whether Nbeal2 knockout causes GPS in mice. This enabled us to specifically decipher the
defects that are caused by Nbeal2-deficiency and to correlate these findings with the GPS
phenotype described in humans.

Furthermore, to study the role of platelet dense granule content and the plethora of proteins
stored in α-granules on thromboinflammation after ischemic stroke and wound healing as well
as their role in maintaining the vascular integrity during inflammation, single and double defi-
cient animals were subjected to in vivo models of ischemic stroke, skin and lung inflammation
and the extent of hemorrhage was quantified.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and reagents

Table 2.1: Chemicals and reagents

Reagent Manufacturer
3,3,5,5-tetramethylbenzidine (TMB) BD Biosciences (Heidelberg, Germany)
Adenosine diphosphate (ADP) Sigma-Aldrich (Schnelldorf, Germany)
Agarose Roth (Karlsruhe, Germany)
Amersham Hyperfilm ECL GE Healthcare (Little Chalfont, UK)
Ammonium peroxodisulfate (APS) Roth (Karlsruhe, Germany)
Apyrase (grade III) Sigma-Aldrich (Schnelldorf, Germany)
Bovine serum albumin (BSA) AppliChem (Darmstadt, Germany)
Calcium chloride Roth (Karlsruhe, Germany)
Chrono-Lume luciferase reagent Chrono-log (Havertown, PA, USA)
Complete mini protease inhibitors Roche Diagnostics (Mannheim, Germany)
Convulxin (CVX) Enzo Lifesciences (Lörrach, Germany)
Cyclosporin A Calbiochem (Bad Soden, Germany)
dNTP mix Fermentas (St. Leon-Rot, Germany)
ECL solution PerkinElmer LAS (Boston, USA)
Ethylenediaminetetraacetic acid (EDTA) AppliChem (Darmstadt, Germany)
Fat-free dry milk AppliChem (Darmstadt, Germany)
Fentanyl Janssen-Cilag (Neuss, Germany)
Fibrillar type I collagen (Horm) Nycomed (Munich, Germany)
Flumazenil Delta Select (Dreieich, Germany)
Isofluran CP cp-pharma (Burgdorf, Germany)
GeneRuler 1kbp DNA Ladder Fermentas (St. Leon-Rot, Germany)
GeneRuler 100bp DNA Ladder Fermentas (St. Leon-Rot, Germany)
Heparin sodium Ratiopharm (Ulm, Germany)
Human fibrinogen Sigma-Aldrich (Schnelldorf, Germany)
IGEPAL CA-630 Sigma-Aldrich (Schnelldorf, Germany)
Immobilon-P transfer membrane Millipore (Schwalbach, Germany)

Continued on next page
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2.1 Materials

Table 2.1 – continued from previous page
Reagent Manufacturer
Indomethacin Alfa Aesar (Karlsruhe, Germany)
Medetomidine (Dormitor) Pfizer (Karlsruhe, Germany)
Midazolam (Dormicum) Roche (Grenzach-Wyhlen, Germany)
Midori Green DNA stain Nippon Genetics (Düren, Germany)
Naloxon Delta Select (Dreieich, Germany)
N-ethylmaleimide (NEM) Calbiochem (Bad Soden, Germany)
PageRuler prestained protein ladder Fermentas (St. Leon-Rot, Germany)
Phalloidin atto647N Sigma (Deisenhofen, Germany)
Phenol/chloroform/isoamyl alcohol Roth (Karlsruhe, Germany)
Phorbol 12-myristate 13-acetate (PMA) Sigma (Schnelldorf, Germany)
Pluronic F-127 Invitrogen (Karlsruhe, Germany)
Prostacyclin (PGI2) Sigma (Schnelldorf, Germany)
Protease inhibitor cocktail (100x) Sigma-Aldrich (Schnelldorf, Germany)
Proteinase K Fermentas (St. Leon-Rot, Germany)
Protein G Sepharose 4 Fast Flow GE Healthcare (Freiburg, Germany)
Rotiphorese gel 30 acrylamide Roth (Karlsruhe, Germany)
Sodium orthovanadate Sigma (Schnelldorf, Germany)
Triton X-100 AppliChem (Darmstadt, Germany)
Taq polymerase Fermentas (St. Leon-Rot, Germany)
Taq polymerase buffer (10x) Fermentas (St. Leon-Rot, Germany)
Tetramethylethylenediamine (TEMED) Roth (Karlsruhe, Germany)
Thapsigargin (TG) Invitrogen (Karlsruhe, Germany)
Thrombin (20 U/ml) Roche Diagnostics (Mannheim)
Tween 20 Roth (Karlsruhe, Germany)
U46619 Enzo Lifesciences (Lörrach, Germany)
Uranylacetate EMS (Hatfield, USA)
Vectashield mounting medium Vector Laboratories (Burlingame, USA)

Collagen-related peptide (CRP) was kindly provided by Prof. Dr. S. Watson (University of Birm-
ingham, UK). Rhodocytin was a generous gift from Prof. Dr. J. Eble (University Hospital Frank-
furt, Germany). All other non-listed chemicals were obtained from AppliChem (Darmstadt, Ger-
many), Sigma (Schnelldorf, Germany) or Roth (Karlsruhe, Germany).

2.1.2 Antibodies

Monoclonal antibodies

The monoclonal antibodies listed in table 2.2 were generated/modified in our laboratory and
labeled with fluorescein isothiocyanate (FITC) or with phycoerythrin (PE) using commercial kits
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2 Materials and Methods

and following manufacturer’s protocols.
Annexin-A5 was purified in our laboratory and coupled to DyLight488.

Table 2.2: Monoclonal antibodies generated in our laboratory
Antibody Clone Isotype Antigen Source
p0p/A 92H12 IgG2b GPIb unpublished
p0p/B 57E12 IgG2b GPIb [116]
p0p4 15E2 IgG2b GPIb [128]
p0p6 56F8 IgG2b GPIX [128]
DOM2 89H11 IgG2a GPV [128]
ULF1 96H10 IgG2a CD9 [128]
JAQ1 98A3 IgG2a GPVI [132]
JON6 14A3 IgG2b αIIbβ3 unpublished
LEN1 12C6 IgG2b α2 [66]
INU1 11E9 IgG1 CLEC-2 [117]
JON/A 4H5 IgG2b αIIbβ3 [14]
WUG 1.9 5C8 IgG1 P-selectin unpublished
EDL-1 57B10 IgG2a β3 integrin [128]
BAR-1 25B11 IgG1 α5 integrin [66]

Commercial antibodies

Table 2.3: Commercial antibodies
Antibody Manufacturer
Anti-Munc13-4 Everest Biotech (Oxfordshire, UK)
Anti-mouse CD11b (M1/70) Biolegend (Fell, Germany)
Anti-mouse CD3 (17A2) Biolegend (Fell, Germany)
Anti-mouse CD45R/B220 (RA3-6B2) Biolegend (Fell, Germany)
Anti-mouse Ly-6G/C (RB6-8C5) Biolegend (Fell, Germany)
Anti-mouse TER-119 Biolegend (Fell, Germany)
Anti-Nbeal2 Thermo Fisher (Braunschweig, Ger-

many)
Anti-rabbit IgG HRP Dako (Hamburg, Germany)
Anti-tubulin Alexa 488 Invitrogen (Karlsruhe, Germany)
Anti-vWF HRP (#A0226) Dako (Hamburg, Germany)
Anti-vWF (#A0082) Dako (Hamburg, Germany)

2.1.3 Buffers

All buffers were prepared using deionized water obtained from a MilliQ Water Purification Sys-
tem (Millipore, Schwalbach, Germany). pH was adjusted using HCl or NaOH.

• Blocking solution for immunoblotting
Washing buffer (TBS-T) —
BSA or fat-free dry milk 5%
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2.1 Materials

• Cell culture medium
RPMI —
FCS 10%
Sodium pyruvate (100 mM) 1%
L-Glutamine (200 mM) 1%
Non-essential amino acids 1%
β-mercaptoethanol 30 µM
Penicillin/streptomycin 100 U/ml

• Coating buffer, pH 9.6
Na2CO3 15 mM
NaHCO3 85 mM

• Fixation buffer I (electron microscopy)
Sodium cacodylate, pH 7.2 0.1 M
Glutaraldehyde 2.5%
Formaldehyde 2%

• Fixation buffer II (electron microscopy)
Sodium cacodylate, pH 7.2 50 mM
Osmium tetroxid 2%

• Laemmli buffer for SDS-PAGE
TRIS 40 mM
Glycine 0.95 mM
SDS 0.5%

• Lysis buffer (for DNA isolation), pH 7.2
TRIS base 100 mM
EDTA 5 mM
NaCl 200 mM
SDS 0.2%
Proteinase K 100 µg/ml

• MK Medium
IMDM —
FCS 10%
Penicillin-Streptomycin 1%
(TPO 50 ng/ml)

• PHEM, pH 7.2
PIPES 60 mM
HEPES 25 mM
EGTA 10 mM
MgSO4 2 mM
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• Phosphate buffered saline (PBS), pH 7.14
NaCl 137 mM
KCl 2.7 mM
KH2PO4 1.5 mM
Na2HPO4 8 mM

• Sample buffer for agarose gels, 6x
Tris buffer (150 mM) 33%
Glycerine 60%
Bromophenol blue (3’,3”,5’,5”-
tetrabromophenol-sulfonphthalein)

0.04%

• SDS sample buffer, 4x
β-mercaptoethanol (reducing conditions) 20%
TRIS buffer (1 M), pH 6.8 20%
Glycerine 40%
SDS 4%
Bromophenol blue 0.04%

• Separating gel buffer (Western blot), pH 8.8
TRIS/HCl 1.5 M

• Stacking gel buffer (Western blot), pH 6.8
TRIS/HCl 0.5 M

• Stripping buffer (Western blot), pH 2.0
PBS (1x) —
Glycine 25 mM
SDS 1%

• TAE buffer, 50x, pH 8.0
TRIS 0.2 M
Acetic acid 5.7%
EDTA 50 mM

• TE buffer, pH 8.0
TRIS base 10 mM
EDTA 1 mM

• Transfer buffer
Tris Ultra 50 mM
Glycine 40 mM
Methanol 20%

• Tris-buffered saline (TBS), pH 7.3
NaCl 137 mM
TRIS/HCl 20 mM
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• Tyrode’s buffer, pH 7.3
NaCl 137 mM
KCl 2.7 mM
NaHCO3 12 mM
NaH2PO4 0.43 mM
CaCl2 0 or 2 mM
MgCl2 1 mM
HEPES 5 mM
BSA 0.35%
Glucose 1%

• Washing buffer for immunoblotting (TBS-T)
TBS (1x) —
Tween 20 0.1%

• Washing buffer for ELISA (PBS-T)
PBS (1x) —
Tween 20 0.1%

2.1.4 Animals

All animal studies were approved by the district government of Lower Franconia (Bezirksregie-
rung Unterfranken). Specific pathogen free C57BL/6J mice were purchased from JANVIER
LABS (Saint Berthevin, France). 6-10-week-old mice were used for experiments, unless stated
otherwise.

Unc13dtm1(KOMP)Vlcg ES cells were obtained from KOMP (University of California, Davis, USA)
and injected into C57BL/6 blastocysts. Germ line transmission was obtained by backcrossing
the resulting chimeric mice with C57BL/6 mice.

Nbeal2+/- mice on a C57BL/6J background, in which exons 4 through 11 were targeted by
homologous recombination, were obtained from MMRRC (University of California, Davis, USA)
and intercrossed to generate Nbeal2-/- mice.

Unc13d-/-/Nbeal2-/- mice were generated by intercrossing Unc13d-/- and Nbeal2-/- single knock-
out mice.

Generation of bone marrow chimeric mice

6-week-old recipient C57BL/6 mice were lethally irradiated with a single dose of 10 Gy. The
femur and tibia of donor mice were prepared and bone marrow was flushed with a 22G nee-
dle into prewarmed DMEM supplemented with 10% FCS and 1% penicillin/streptomycin. Bone
marrow cells from donor mice were injected i.v. into the irradiated mice (4x106 cells per mouse).
All recipient mice received water containing 2 g/l neomycin sulfate for 2 weeks after transplan-
tation.
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2.2 Methods

2.2.1 Genotyping of mice

Isolation of genomic DNA from mouse tissue

Using an ear punch device, a small part of the mouse ear was excised and incubated in 500 µl
DNA lysis buffer at 1,000 rpm, overnight (o/n) at 56◦C. The next day, 500 µl phenol/chloroform
were added, the samples were mixed and afterwards centrifuged at 11,000 rpm for 10 min at
room temperature (RT). The upper phase was carefully transferred into a new tube containing
500 µl isopropanol. Following vigorously shaking, samples were centrifuged at 14,000 rpm for
10 min at 4◦C. After washing the resulting pellet with 1 ml 70% ethanol, the samples were
centrifuged again at 14,000 rpm for 10 min. Finally, the DNA pellet was dried at 37◦C and then
resuspended in 80 µl TE buffer.

Genotyping of Unc13d-/- mice

Primers WT-PCR:
Unc13d-TUF: 5’- GGG ACG CCG TGT CTT TCT AC -3’
Unc13d-TUR: 5’- ACA CTC TCC CAA CAT CTC CTC TTA C -3’
Predicted band size: 73 bp

Primers KO-PCR:
Unc13d-SU: 5’- CTC TCC CCA GAG CCT CCG TG -3’
Unc13d-LacZrev: 5’- GTC TGT CCT AGC TTC CTC ACT G -3’
Predicted band size: 392 bp

PCR mix

Reagent Amount
dNTP 1 µl
Buffer 5 µl
MgCl2 5 µl
FP-SU 0.1 µl
LacZrev 0.1 µl
TUF 0.1 µl
TUR 0.1 µl
H2O 36.1 µl
Taq 0.5 µl
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PCR program

Temperature Duration
1 96◦C 3:00 min
2 94◦C 0:30 min
3 68◦C 0:30 min
4 72◦C 1:00 min
5 72◦C 10:00 min
6 15◦C ∞

Repeat steps 2-4: 35 cycles.

Genotyping of Nbeal2-/- mice

Primers WT-PCR:
Forward primer: 5’ – GTC CTG CTT GAC CTA CCG TC – 3’
Reverse primer: 5’ – CAG GGA GGA TAA CGA GAT AGT CTT – 3’
Predicted band size: 223 bp

Primers KO-PCR:
Forward primer: 5’ – GTC CTG CTT GAC CTA CCG TC – 3’
IRES-GT: 5’ – CCT AGG AAT GCT CGT CAA GA – 3’
Predicted band size: 401 bp

PCR mix

Reagent Amount
dNTP 1 µl
Buffer 5 µl
MgCl2 5 µl
Forward primer 0.3 µl
Reverse primer 0.1 µl
IRES-GT 0.1 µl
H2O 36.1 µl
Taq 0.5 µl
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PCR program

Temperature Duration
1 96◦C 3:00 min
2 94◦C 0:30 min
3 51.4◦C 0:30 min
4 72◦C 1:00 min
5 72◦C 10:00 min
6 15◦C ∞

Repeat steps 2-4 35 cycles.

Genotyping of Nbeal2-/-/Munc13-4-/- mice

Double-deficient mice were genotyped like the single-deficient mice.

Agarose gel electrophoresis

To analyze the PCR product, agarose gels were used. The concentration of agarose (1-2%)
was adapted to the expected size of the PCR products. Agarose was dissolved in 1x TAE buffer
by boiling the solution in a microwave. Afterwards, the solution was cooled down to approx.
60◦C and 5 µl Midori green per 100 ml were added. The solution was poured into a tray with
a comb to congeal. The tray was positioned in an electrophoresis chamber containing 1x TAE
buffer and the comb was removed. The PCR products were mixed with 6x sample loading buffer
and 20 µl were loaded into the slots of the gel. Samples were run for approximately 30 min at
100-160 V. A 1 kbp or 100 bp DNA ladder was used to estimate the size of the DNA bands
under UV light later on.

2.2.2 Molecular biology and biochemistry

Preparation of platelet lysates

Washed platelets (5x105/µl) were prepared as described in the next section and were incubated
in lysis buffer containing 1% Igepal for 20 min at 4◦C, and centrifuged 5 min at 22,000 g.
Supernatants were transferred into a new tube and frozen at -80◦C.

Western blotting

Cell lysates were mixed with 4x SDS sample buffer and boiled for 5 min at 95◦C. For SDS-
PAGE, 20 µl per sample were loaded onto a gel with a 4% stacking gel and a 10 or 12%
separating gel, provided in a gel chamber filled with Laemmli buffer. Alternatively, NuPAGE
Tris-Acetate Pre-Cast gels were used.

The gel was run at 25 mA for 1.5 h. After separation, the proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane by semidry immunoblotting at 65 mA per gel. Af-
terwards, the membrane was incubated in blocking buffer in order to avoid unspecific binding
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of the primary antibody. Subsequently, the membrane was incubated with the primary antibody
o/n at 4◦C. To remove the unbound antibody, the membrane was washed three times for 10
min with washing buffer. Next, membranes were incubated with the appropriate HRP-coupled
secondary antibodies for 1 h at RT. The membrane was washed three times, 10 min each to re-
move unbound secondary antibody. The proteins were visualized using ECL solution and X-ray
films.

To strip the membranes from bound antibodies, the membranes were incubated with stripping
buffer for 20-25 min at RT under rotation. Afterwards, membranes were washed briefly several
times in TBS-T to remove residual stripping buffer. Next, the membranes were blocked again
and incubated with antibodies as described.

Quantification of vWF, fibrinogen, and PF4 content by ELISA

For determination of vWF or fibrinogen content, ELISA plates were coated with 10 µg/ml rabbit
anti-human vWF or 10 µg/ml rabbit anti-human fibrinogen antibody, respectively, o/n at 4◦C
and blocked with 5% BSA. Serial 1:2 dilutions of the samples (heparinized plasma or platelet
lysates) were prepared, transferred onto the ELISA plates and incubated for 2 h at 37◦C. After
washing with TBS 0.1% Tween, samples were incubated with HRP-coupled rabbit anti-human
vWF antibody (1:3,000) or rabbit anti-human fibrinogen-FITC-Fab fragments followed by rabbit
anti-FITC-HRP (1:1,000). After washing, ELISAs were developed using TMB ONE substrate,
and plates were read at 450 nm. The amount of plasma PF4 was quantified using a PF4 ELISA
(RayBiotech) following the manufacturer’s instructions.

2.2.3 In vitro analyses of platelet function

Platelet isolation

Mice were bled under isoflurane anesthesia from the retroorbital plexus. 700 µl blood were col-
lected into 300 µl heparin in TBS (20 U/ml, pH 7.3). 200 µl heparin were added and blood was
centrifuged at 800 rpm (Eppendorf Centrifuge 5415C) for 5 min at RT. The upper phase and
buffy coat were carefully transferred into a new tube containing 200 µl heparin and centrifuged
at 800 rpm for 7 min at RT to obtain platelet-rich plasma (PRP). To obtain washed platelets,
PRP was centrifuged at 2,800 rpm for 5 min at RT in the presence of prostacyclin (PGI2) (0.1
µg/ml) and apyrase (0.02 U/ml) and the pellet was resuspended in 1 ml Tyrode’s buffer w/o Ca2+

containing PGI2 and apyrase. After 10 min incubation at 37◦C, the sample was centrifuged at
2,800 rpm for 5 min. After resuspending the platelets once more in 1 ml Tyrode’s buffer w/o
Ca2+, the platelet numbers were determined. To this end, a 1:1 dilution of the platelet suspen-
sion in PBS was analyzed using a Sysmex KX-21N automated hematology analyzer. After a
final centrifugation step at 2,800 rpm for 5 min, the pellet was resuspended in the appropri-
ate volume of Tyrode’s buffer to reach the platelet concentration required for the experiment.
Apyrase was added and the platelet suspension was incubated for 30 min at 37◦C to allow the
platelets to rest.
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Plasma preparation

Mice were bled under isoflurane anesthesia from the retroorbital plexus. 700 µl blood were
collected into 300 µl heparin in TBS (20 U/ml, pH 7.3) The heparinized blood was centrifuged
at 2,800 rpm for 5 min and the supernatant was transferred into a new tube. After centrifugation
at 10,000 rpm for 5 min, the supernatant was collected. The plasma was either used directly or
stored at -80◦C.

Platelet counting

To determine platelet count and size, mice were bled under isoflurane anesthesia from the
retroorbital plexus. 50 µl blood were collected into a reaction tube containing 300 µl heparin in
TBS (20 U/ml, pH 7.3) using heparinized microcapillaries. PBS was added to receive a final
dilution of 1:20. The sample was analyzed using a Sysmex KX-21N automated hematology
analyzer.

Flow cytometric analysis of platelets

To determine the expression levels of major platelet surface glycoproteins, mice were bled
under isoflurane anesthesia from the retroorbital plexus. 50 µl of blood were collected into a
reaction tube containing 300 µl heparin in TBS (20 U/ml, pH 7.3) using heparinized microcapil-
laries. One ml Tyrode’s buffer w/o Ca2+ was added and 50 µl of diluted blood were stained with
saturating amounts of fluorophore-conjugated antibodies for 15 min at RT in the dark. 500 µl of
PBS were added to stop the staining reaction and the platelets were analyzed directly using a
FACSCalibur flow cytometer with Cell Quest software (BD Biosciences, Heidelberg, Germany).

To analyze integrin αIIbβ3 activation and P-selectin exposure upon platelet activation, hep-
arinized blood samples were washed twice (2,800 rpm, 5 min, RT) in Tyrode’s buffer w/o Ca2+

and finally resuspended in Tyrode’s buffer containing 2 mM Ca2+. Platelets were activated with
agonists for 7 min at 37◦C followed by 7 min at RT in the presence of saturating amounts of
PE-coupled JON/A (4H5) and FITC-coupled anti-P-selectin (5C8) antibodies. The reaction was
stopped by addition of 500 µl PBS and samples were analyzed. Platelets were identified by
their forward/side scatter (FSC/SSC) characteristics. FACS settings are detailed in tables 2.4,
2.5 and 2.6.

Table 2.4: Detector/amplifier settings for the flow cytometer
Parameter Detector Voltage
P1 FSC E01
P2 SSC 380
P3 FL1 650
P4 FL2 580
P5 FL3 150
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Table 2.5: Threshold settings for the flow cytometer
Parameter Value
FSC-H 253
SSC-H 52
FL1-H 52
FL2-H 52
FL3-H 52

Table 2.6: Compensation settings for the flow cytometer
Parameter Value
FL1 2.4% of FL2
FL2 7.0% of FL1
FL3 0% of FL3
FL4 0% of FL2

Determination of phosphatidylserine exposure

Washed platelets were resuspended to a concentration of 5x104/µl in Tyrode’s buffer containing
2 mM Ca2+. 50 µl of this suspension were used for activation with agonists for 15 min at 37◦C in
the presence of DyLight488-coupled Annexin-A5. The reaction was stopped by adding Tyrode’s
buffer with 2 mM Ca2+ and the samples were immediately analyzed using a flow cytometer.

Aggregation studies

Washed platelets were resuspended to a concentration of 5x105/µl in Tyrode’s buffer w/o Ca2+.
50 µl of this platelet suspension or heparinized PRP (when using ADP as agonist) were trans-
ferred into a cuvette containing 110 µl Tyrode’s buffer with 2 mM Ca2+ and 100 µg/ml human
fibrinogen (no fibrinogen was added when using thrombin as agonist). Agonists were added
and light transmission was recorded over 10 min with an Apact 4-channel optical aggrega-
tion system (APACT, Hamburg, Germany). Before starting the measurement, Tyrode’s buffer or
plasma was set as 100% aggregation and washed platelet suspension or PRP was set as 0%
aggregation.

ATP release

Washed platelets were resuspended to a concentration of 5x105/µl in Tyrode’s buffer w/o Ca2+.
80 µl of this platelet suspension were diluted into 160 µl Tyrode’s buffer with 2 mM Ca2+. Af-
ter addition of 25 µl Chrono-lume luciferase reagent, agonists were added to the continuously
stirred (1,000 rpm) platelet suspension. Light transmission and luminescence were recorded
on a 700 Whole Blood/Optical Lumi-Aggregometer (Chrono-log) over 10 min. Results were
expressed in arbitrary units with buffer representing 100% transmission and washed platelet
suspension 0% transmission. ATP release was calculated using an ATP standard and the Ag-
groLink 8 software.
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Static adhesion (spreading) to fibrinogen

Rectangular glass coverslips (24x50 mm) were coated with 100 µg/ml human fibrinogen un-
der humid conditions at 4◦C o/n. The next day the slides were blocked for at least 1 h at RT
with 1% BSA in sterile PBS. The coverslips were rinsed with warm Tyrode’s buffer with Ca2+.
Washed platelets (3x105/µl in Tyrode’s buffer with 2 mM Ca2+) were stimulated with thrombin
(0.01 U/ml) and immediately applied to the fibrinogen surface. Platelets were allowed to spread
at RT for 5-30 min, after which the process was stopped by adding 300 µl 4% PFA/PBS. Ex-
cessive liquid was removed and platelets were visualized by differential interference contrast
(DIC) microscopy with a Zeiss Axiovert 200 inverted microscope. Representative images were
taken using a CoolSNAP-EZ camera (Visitron, Munich, Germany) and evaluated according to
different platelet spreading stages with ImageJ (National Institutes of Health, Bethesda, MD,
USA).

Adhesion to collagen under flow

Rectangular glass cover slips (24x60 mm) were coated with 200 µg/ml fibrillar type I collagen
o/n at 37◦C. The next day, the slides were blocked with 1% BSA for at least 1 h. Platelets were
labeled by incubation with DyLight488–conjugated anti-GPIX antibody (0.2 µg/ml) for 5 min at
37◦C. Heparinized whole blood was diluted 2:1 in Tyrode’s buffer with 2 mM Ca2+) and perfused
over collagen-coated coverslips through a transparent flow chamber at wall shear rates of 1,700
s-1, 1,000 s-1 or 150 s-1. Phase-contrast and fluorescence images were obtained from at least 7
different representative collagen-containing visual fields for each sample using a Zeiss Axiovert
200 inverted microscope. Analysis of surface coverage and thrombus volume was performed
using Metavue software (Visitron).

Phosphatidylserine exposure under flow

Heparinized whole blood was supplemented with an additional 10 U/ml heparin. Adhesion ex-
periments under flow conditions (shear rate 1,000 s-1) were performed as described above.
The flow chamber was rinsed for 4 min with Tyrode’s buffer with 2 mM CaCl2, 10 U/ml heparin,
and 0.25 µg/ml Annexin-A5–DyLight488. Afterwards, it was rinsed for an additional 2 min with
Tyrode’s buffer supplemented with 2 mM CaCl2 and 10 U/ml heparin, before phase-contrast
and fluorescence images were obtained and analyzed as detailed above.

2.2.4 In vivo analyses of platelet function

Determination of platelet life span

Mice were injected i.v. under isoflurane anesthesia with DyLight488–conjugated anti-GPIX anti-
body (0.5 µg/g body weight). 60 min after injection, mice were bled from the retroorbital plexus.
50 µl of blood were collected into a reaction tube containing 300 µl heparin in TBS (20 U/ml,
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pH 7.3) using heparinized microcapillaries. Thereafter, mice were bled every day for 5 days and
the percentage of fluorescently labeled platelets was determined using flow cytometry.

Anesthesia

Mice were anesthetized by intraperitoneal injection of a combination of midazolam, medetomi-
dine and fentanyl (5, 0.5 and 0.05 mg/kg body weight). Mice were placed on a heating mat to
prevent hypothermia. After 5 min corneal and crossed extensor reflexes were tested to assure
proper anesthesia.

Tail bleeding time

Mice were anesthetized, and a 1 mm segment of the tail tip was removed using a scalpel.
Tail bleeding was monitored by gently absorbing blood drops on filter paper every 20 s without
making contact with the wound site. Bleeding was determined to have ceased when no blood
was observed on the paper. Experiments were stopped after 20 min.

FeCl3-induced thrombus formation in small mesenteric arterioles

Four-weeks-old mice were anesthetized, and the mesentery was exteriorized through a midline
abdominal incision. Arterioles (35-60 µm diameter) were visualized with a Zeiss Axiovert 200 in-
verted microscope (x10/0.3 NA objective) (Carl Zeiss) equipped with a 100-W HBO fluorescent
lamp source and a CoolSNAP-EZ camera (Visitron). Digital images were recorded and ana-
lyzed using Metavue software. The injury was induced by topical application of a 3 mm2 filter
paper saturated with 20% FeCl3 for 10 sec. Adhesion and aggregation of fluorescently labeled
platelets (DyLight488–conjugated anti-GPIX antibody) in arterioles were monitored for 40 min
or until complete vessel occlusion occurred (blood flow stopped for more than 1 min). FeCl3-
injury experiments shown in this study were performed and evaluated by Martina Morowski or
Ina Thielmann in our research group.

Mechanical injury of the abdominal aorta

The abdominal cavity of 8-12-weeks-old anesthetized mice was opened by a longitudinal in-
cision. An ultrasonic flow probe (Transonic Flowprobe 0.5, Transonic Systems) was placed
around the exposed abdominal aorta. Thrombosis was induced by a single firm compression
using forceps. Blood flow was monitored until complete blood vessel occlusion occurred for a
minimum of 5 min. Otherwise the experiment was stopped after 30 min. Aorta injury experi-
ments shown in this study were performed and evaluated by Martina Morowski, Ina Thielmann
or Karen Wolf in our research group.

33



2 Materials and Methods

Transient middle cerebral artery occlusion (tMCAO) model

Experiments were conducted by Dr. Peter Kraft and colleagues in the group of Prof. Dr. Guido
Stoll (Department of Neurology, University Hospital, Würzburg) according to the recommen-
dations for research in mechanism-driven basic stroke studies [36]. tMCAO was induced in 8-
12-weeks-old mice under inhalation anesthesia using the intraluminal filament technique [25].
Briefly, a midline neck incision was made and a standardized silicon rubber–coated 6.0 nylon
monofilament (6021PK10, Doccol, Redlands, CA, USA) was inserted into the right common
carotid artery and advanced via the internal carotid artery to occlude the origin of the middle
cerebral artery. After 60 min, the filament was removed to allow reperfusion. 24h after tMCAO
the global neurological status was assessed using the Bederson score [10]. Motor function and
coordination were evaluated using the grip test [122]. For determination of the ischemic brain
infarct volume, mice were euthanized 24h after induction of tMCAO and brain sections were
stained with 2% 2,3,5-triphenyltetrazolium chloride. Planimetric measurements were performed
using ImageJ software to calculate lesion volumes, which were corrected for brain edema as
described [178].

Reverse passive Arthus (rpA) reaction of the skin

Mice were anesthetized and shaved using a Contura HS61 hair cutter (Wella, Schwalbach,
Germany). The rpA reaction was elicited by intradermal injection of anti-BSA antibody (5 µg/µl)
using a 30-G needle followed by intravenous injection of BSA (75 µg protein/g mouse in PBS).
Mice were killed and skinned 4 h later. Skins were photographed and analyzed. For hemoglobin
quantification punch biopsies of inflamed skin areas were homogenized in 500 µl PBS. The
homogenate was cleared by centrifugation at 15,000g for 10 min and the supernatant used for
analysis. The optical density at 405 nm was measured to quantify hemoglobin.

LPS-induced inflammation of the lung

Mice were anesthetized and inoculated intranasally with 10 µg LPS. 6h later, bronchoalveolar
lavage (BAL) was performed by canulating the trachea and lungs were lavaged with 1 ml PBS.
Hemoglobin concentration in the lavage was quantified as described above.

2.2.5 MK analyses

Culture of MKs derived from fetal liver progenitors

Fetal livers were isolated on embryonic day 13.5 to 14.5 from time-mated females. Livers were
homogenized by aspirating the suspension 10 times each using 19G and 22G needles and
a 1 ml syringe. Afterwards the cell suspension was centrifuged 5 min at 900 rpm (RT). The
cells were resuspended in 2 ml MK medium (+50 ng/ml TPO) and incubated at 37◦C, 5%
CO2. After three days of culture, mature MKs were enriched using a 2-step density gradient
consisting of 1.5% and 3% BSA. The MKs were resuspended in 1 ml MK medium and cultured
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for another day. On day 4, the percentage of proplatelet-forming MKs was determined using a
light microscope.

Culture of MKs derived from bone marrow progenitor cells

Hematopoietic stem cells were isolated by flushing bone marrow cells from femurs of 6-8-
weeks-old male mice followed by a negative selection using a MACS system (Miltenyi Biotec)
with the Dynal Mouse T Cell Negative Isolation Kit according to the manufacturer’s protocol
(Invitrogen) in combination with rat-anti-mouse antibodies directed against CD45R/B220, TER-
119, CD3, Ly-6G/C and CD11b (0.5 mg/107 cells). Cells were cultured in MK medium (+50
ng/ml TPO) supplemented with 50 µg/ml recombinant hirudin at 37◦C, 5% CO2 for 3 days, prior
to MK purification using a 1.5%–3% BSA gradient.

Fluorescent staining of MKs

Cultured MKs were spun down onto a microscope slide using a cytocentrifuge (Cytospin,
Thermo Scientific), fixed in 4% PFA, and permeabilized with 1% Igepal. α-granular vWF was
stained with an anti-vWF-FITC antibody. Tubulin was visualized using an anti–α-tubulin anti-
body (clone B-5-1-2, Invitrogen), and polymerized actin was stained with phalloidin-Atto647N
(Sigma). MKs were visualized using a Leica TCS SP5 confocal microscope (Leica Microsys-
tems) and further processed with ImageJ software (NIH).

2.2.6 Electron microscopy

Transmission electron microscopy (TEM) of resting platelets

Washed platelets (3x105/µl in Tyrode’s buffer w/o Ca2+) were fixed with 2.5% glutaraldehyde
in 0.1 M cacodylate buffer, pH 7.2 for 10 min at 37◦C, followed by incubation at RT for 1h.
Samples were stored at 4◦C until further processing. Samples were spun at 5,000 rpm for 1
min and washed twice by gently resuspending in 500 µl 50 mM cacodylate buffer. Afterwards
450 µl of 1% osmium tetroxide in 50 mM cacodylate buffer were added, incubated for 1h at RT,
washed twice with 400 µl 50 mM cacodylate buffer and washed twice with 400 µl ddH2O. Next,
400 µl 2% uranyl acetate in ddH2O were added and incubated at 4◦C, followed by washing
three times with 400 µl ddH2O.

For dehydration, samples were incubated with 70% (3x5 min), 95% (3x15 min) and 100% (3x15
min) EtOH (each step 400 µl), followed by incubation with 400 µl of 100% propylene oxide (2x10
min) and 400 µl of a 1:1 mixture of propylene oxide/epon (1x1 h) under rotating conditions. After
2 incubation steps in epon at RT (first step: o/n, second step: 2-3 h) samples were embedded
in gelatine capsules and left to dry for 48 h at 60◦C. 50 nm thin sections were cut using a ultra
microtom (Leica Ultracut UCT). Thin sections were stained with 2% uranyl acetate (in 100%
ethanol) and lead citrate and examined under an EM900 transmission electron microscope
(Carl Zeiss).

35



2 Materials and Methods

TEM of bone marrow MKs

Femora of 6-8-weeks-old mice were prepared and stored temporary in PBS. Fixation was per-
formed by incubation in 10 ml fixation buffer I per femur for 10 min rotating at RT, followed by
o/n incubation at 4◦C without rotation. For decalcification, femora were incubated for 5 days in
10% EDTA/PBS (10 ml per femur) with buffer exchange every day.
Next, the samples were washed three times for 10 min with 50 mM cacodylate buffer at 4◦C, fol-
lowed by incubation in fixation buffer II for 2h at 4◦C. Following washing with ddH2O and staining
by incubation in 0.5% uranyl acetate/ddH2O at 4◦C o/n the samples were washed again three
times with 400 µl each and spun down at 5,000 rpm for 1 min at RT. Dehydration, embedding,
cutting and analysis were performed as described above.

2.2.7 Histology

Preparation of paraffin sections

Different organs (spleen, liver, lung, brain, small intestine, femur) from adult mice were pre-
pared, washed in PBS and fixed o/n in 4% PFA/PBS. The next day, organs (except femora)
were washed three times with PBS, dehydrated and embedded in paraffin. For decalcification,
fixed femora were incubated for 5 days in 10% EDTA/PBS (10 ml per femur) with buffer ex-
change every day. Afterwards, femora were embedded in paraffin. Organs were cut using a
Microm Cool Cut microtome (Thermo Scientific, Braunschweig, Germany) to prepare 5 µm thin
sections and dried at 37◦C o/n.

Hematoxylin/Eosin staining of paraffin sections

Sections were deparaffinized by incubation in xylene (2x3 min). Rehydration was carried out
using decreasing EtOH concentrations (100%, 90%, 80% and 70%) followed by incubation in
ddH2O with 2 min incubation time in each solution. Afterwards sections were stained 30 sec in
hematoxylin solution, followed by a 10 min incubation step in running tab water. This neutralizes
the acid and enables formation of an insoluble blue aluminium haematin complex (”blueing”).
Next, the sections are stained for 2 min with 0.05% Eosin G. The sections were washed shortly
in ddH2O and dehydrated using the same ethanol series and xylene as described above, but
in reverse order. Finally, the sections were dried and mounted using Eukitt medium. Samples
were analyzed using a Leica DHI 4000B inverse microscope.

Cryo sectioning and staining

Fresh tissues were embedded in Tissue-Tek (Sakura) and flash-frozen swimming on liquid ni-
trogen. 5 µm sections were cut and stored at -20◦C. Sections were stained using an anti-CD105
(anti-endoglin, BioLegend) antibody which was labeled using the Alexa 647 labeling kit (Invitro-
gen) and rabbit anti-human-vWF antibody (DAKO) plus goat anti-rabbit Alexa 488 (Invitrogen)
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secondary antibody and visualized using a Leica TCS SP5 confocal microscope (Leica Mi-
crosystems).

2.2.8 Statistical data analysis

Results are presented as means ± SD or dot blots if not stated differently. Differences between
two groups were assessed using the Welch’s test or if applicable with the Mann Whitney U
test. Infarct volumes and functional data obtained from tMCAO experiments were tested for
Gaussian distribution with the D’Agostino and Pearson omnibus normality test and then an-
alyzed using the two-tailed Student’s t test. Differences between more than two groups were
analyzed by one-way analysis of variance (ANOVA) with Dunnetts T3 as post-hoc test. p<0.05
was considered as statistically significant (*), p<0.01 (**) and p<0.001 (***).
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3.1 Analysis of Munc13-4-deficient mice

3.1.1 Unc13d-/- mice display unaltered platelet counts and granule numbers

To test the biological significance of dense granule secretion in thrombosis, hemostasis and is-
chemic stroke, Munc13-4-deficient (Unc13d-/-) mice were generated using Unc13dtm1(KOMP)Vlcg

ES cells. Mice homozygous for the Unc13d knockout mutation were born in the expected
Mendelian ratios, developed normally and did not show any signs of spontaneous bleeding.
Western blot analysis confirmed the absence of Munc13-4 in platelets of Unc13d-/- mice (see
figure 3.1 A).

TEM revealed no alterations in the ultrastructure of Unc13d-/- platelets and normal numbers
of α- and dense granules (see figure 3.1 B). Munc13-4-deficient mice had normal blood pa-
rameters like platelet count and size, white blood cell (WBC) count, red blood cell (RBC)
count, hemoglobin (HGB) concentration, hematocrit (HCT) and surface expression of promi-
nent platelet receptors like GPIb, GPVI, integrin αIIbβ3 or CLEC-2 (see table 3.1 and figure
3.1).

Wildtype Unc13d-/- Significance
Plt count [nl-1] 750 ± 80.83 645 ± 66.08 n.s.
Plt size [fl] 5.73 ± 0.16 6.09 ± 0.48 n.s.
WBC [x103/µl] 4.76 ± 1.35 6.44 ± 1.94 n.s.
RBC [x106/µl] 8.56 ± 1.40 9.5 ± 1.00 n.s.
HGB [g/dl] 13.44 ± 2.6 14.8 ± 1.48 n.s.
HCT [%] 46.2 ± 7.62 51.2 ± 5.10 n.s.

Table 3.1: Basic blood parameters of Unc13d-/- mice. Basic blood parameters were assessed in
diluted whole blood using a Sysmex hematology analyzer. Results are expressed as mean ± SD.
n=4 mice per group and are representative of 3 independent experiments. n.s., not significant.

3.1.2 Abrogated ATP secretion and aggregation of Unc13d-/- platelets

However, in line with previous reports of Unc13dJinx/Jinx mice [151], which have a point muta-
tion in the Unc13d gene, resulting in the absence of Munc13-4 in platelets, ATP secretion was
completely abolished in Unc13d-/- platelets in response to stimulation with major platelet ago-
nists like thrombin or CRP (see figure 3.2). Platelet aggregation which is a direct consequence
of platelet activation and strongly depends on second wave mediators released by activated
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Figure 3.1: Knockout of Unc13d does not alter platelet morphology or expression levels of
major platelet glycoproteins. (A) Western blot analysis of Munc13-4 expression in platelets of
wildtype and Unc13d-/- mice. Actin was used as loading control. (B) Representative TEM images
of resting wildtype and Unc13d-/- platelets. (C) Expression levels of major surface glycoproteins of
platelets from Munc13-4-deficient and wildtype mice as determined by flow cytometry in diluted
whole blood. Values are mean ± SD. n=4 mice per group; representative of 3 independent experi-
ments. Parts published in [170].

platelets was measured using a Born aggregometer in which an increase in light transmission
is indicative of platelet aggregation. Unc13d-/- platelets displayed defective aggregation upon
stimulation with different concentrations of several platelet agonists including collagen, thrombin
and CRP (see figure 3.2).

3.1.3 Unc13d-/- platelets show impaired P-selectin exposure and integrin
activation after stimulation and adhesion to collagen under flow

Platelet activation was further investigated using flow cytometry: P-selectin surface exposure as
a marker of α-granule release and integrin αIIbβ3 activation were assessed using wildtype and
mutant platelets. Unc13d-/- platelets showed significantly reduced P-selectin exposure upon ac-
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tivation with strong agonists, namely a combination of ADP and U46 (U46619, a stable TxA2

analog), high and intermediate concentrations of thrombin, high concentrations of CRP and the
snake venom toxins rhodocytin (RC) and convulxin (CVX)(see figure 3.3 A). Integrin activation
was impaired following activation with the combination of ADP and U46, low and intermediate
doses of thrombin, high and intermediate doses of CRP and convulxin. Interestingly, no defect
was observed upon stimulation with high-dose thrombin or rhodocytin (see figure 3.3 B). This
indicates that there is a broad activation defect downstream of both (hem)ITAM receptors and
GPCRs that leads to reduced degranulation and integrin activation. The defective intergrin ac-
tivation can be overcome by strong stimulation either by high-dose thrombin or rhodocytin (see
figure 3.3).

Next, Munc13-4-deficient platelets were analyzed for their capacity to adhere to collagen under
flow. To this end, diluted heparinized whole blood was perfused over collagen coated slides
at a shear rate of 1,000 s-1 using a flow chamber device. Surface coverage and thrombus
volume were assessed by fluorescent labeling of platelets and quantification of the area covered

Figure 3.2: Munc13-4-deficiency abrogates ATP secretion and impairs platelet aggregation
(A) ATP release from wildtype and Unc13d-/- platelets after thrombin (Thr) or collagen-related pep-
tide (CRP) stimulation was assessed using a luciferase assay. (B) Platelet aggregation of wildtype
and Unc13d-/- mice after stimulation with different agonists was measured using a Born aggre-
gometer. Results are shown as mean ± SD. n=4 mice per group, representative of 3 independent
experiments. n.d., not detectable. Parts published in [170].

40



3.1 Analysis of Munc13-4-deficient mice

by platelets as well as the fluorescence intensity, which directly correlates with the thrombus
volume. Wildtype platelets rapidly adhered and formed three-dimensional thrombi resulting in a
surface coverage of 42%. In sharp contrast, Munc13-4-deficient platelets were unable to adhere
and form stable thrombi, resulting in a surface coverage of only 4%. Similarly, thrombus volume
was also significantly reduced indicating that thrombus formation under flow in vitro is markedly
impaired by the absence of ADP secretion in Munc13-4-deficient platelets (see figure 3.4).

3.1.4 Defective in vivo thrombus formation and hemostasis in Unc13d-/- mice

To test whether defective dense granule secretion also translates into an in vivo phenotype,
Unc13d-/- mice were subjected to an in vivo model of arterial thrombosis. Platelet accumu-
lation at sites of ferric chloride-induced arteriole injury was monitored using intravital fluores-
cence microscopy. Interestingly, beginning of thrombus formation followed similar kinetics in
both wildtype and Unc13d-/- mice, indicating that dense granule secretion is dispensable for

Figure 3.3: Knockout of Unc13d impairs P-selectin exposure as well as integrin activation.
Flow cytometric analysis of P-selectin exposure (A) and activation of integrin αIIbβ3 (B, binding of
JON/A-PE antibody) upon stimulation with the indicated agonists in washed platelets of wildtype
and Unc13d-/- mice. Results are presented as MFI ± SD. n=5 mice per group, representative of 3
independent experiments. U46, U46619; Thr, thrombin; RC, rhodocytin; CVX, convulxin. *, p<0.05;
**, p<0.01; ***, p<0.001.
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initial platelet adhesion in this setting. Following appearance of first thrombi, wildtype mice
showed rapid thrombus growth which finally led to full vessel occlusion after approximately 10
min. In contrast, thrombus growth in Unc13d-/- mice was limited to small aggregates and no
occlusion occurred during the observation period of 40 min (see figure 3.5 A+B).

A second model of arterial thrombosis in which the aorta is mechanically injured with a forceps
was used to confirm whether thrombosis in larger vessels is also defective. In this assay, blood
flow was monitored with an ultrasonic flow probe. All wildtype mice rapidly formed occlusive
thrombi, while 7 out of 8 Unc13d-/- mice analyzed were unable to fully occlude the vessel within
the observation period of 30 minutes (see figure 3.5 C+D).

The effect of defective thrombus formation on hemostasis was investigated by subjecting the
mice to a tail bleeding model in which 1 mm of the tail tip is removed and the time until cessation
of bleeding is monitored. All Unc13d-/- mice analyzed were unable to stop bleeding within the
observation period (see figure 3.5 E).

3.1.5 Reduced infarct size and no signs of hemorrhage in Munc13-4-deficient
mice after tMCAO

To investigate whether the severely impaired in vitro and in vivo thrombus formation capacity
in Unc13d-/- mice leads to protection from ischemic stroke, wildtype mice and Unc13d-/- mice
were subjected to the transient middle cerebral artery occlusion (tMCAO) stroke model. In this
model, a filament is advanced through the carotid artery to reduce cerebral blood flow in the

Figure 3.4: Knockout of Unc13d markedly reduces platelet adhesion to collagen under flow.
Diluted whole blood was perfused over collagen under flow at a shear rate of 1000 s-1. (A) Represen-
tative pictures. Note the absence of any thrombus formation of Munc13-4-deficient platelets. Scale
bar 50 µm. Quantification of the surface coverage (B) revealed an eightfold decrease for Munc13-4-
deficient platelets compared to wildtype platelets and a strong reduction in relative thrombus volume
(C, measured as integrated fluorescence intensity). n=5-6 mice per group, representative of 3 inde-
pendent experiments. *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 3.5: Unc13d knockout leads to protection from thrombosis and infinite tail bleeding
times. Thrombus formation in small mesenteric arterioles of wildtype and Unc13d-/- mice was in-
duced by topical application of 20% FeCl3. (A) Representative images at the indicated time points
after injury. (B) Time to stable vessel occlusion is depicted, each symbol represents one arteriole.
(C) In an aorta injury model the blood flow was monitored for 30 min or until complete occlusion
occurred. Time to stable vessel occlusion is depicted; each symbol represents one animal. (D) Rep-
resentative blood flow traces. (E) Tail bleeding time was assessed in wildtype and knockout animals.
Each symbol represents one animal. ***, p < 0.001. Parts published in [170].

middle cerebral artery (MCA). The filament is removed after 60 min to allow reperfusion. 24 h
after reperfusion, the infarct volumes are quantified using a 2,3,5-triphenyltetrazolium chloride
(TTC) staining. The infarct volumes in Unc13d-/- mice were significantly reduced to 38% of the
volumes of wildtype mice (34.60 ± 13.53 mm3 vs. 90.34 ± 41.79 mm3; p<0.001; see figure 3.6
A and B).

The reduced infarct size also led to improved neurological outcome as the Bederson score
which assesses global neurological function was significantly better in Unc13d-/- mice (see
figure 3.6 C). The grip test, which is used to specifically analyze motor function and coordination
displayed a similar tendency, however, did not reach statistical significance (see figure 3.6 D).
Magnetic resonance imaging (MRI) of live mice confirmed the protective effect of Munc13-4-
deficiency on infarct development (see figure 3.7 A). This data indicates that impaired dense
granule secretion protects mice from infarct progression following tMCAO.
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Figure 3.6: Knockout of Unc13d protects from ischemic stroke. Mice were subjected to 60 min
tMCAO. (A) Representative images of 3 coronal sections stained with TTC 24 h after tMCAO. (B)
Brain infarct volumes (n>6) were measured by planimetry. Results are shown as mean ± SD. (C)
Bederson score and (D) Grip test determined 24 h after tMCAO as measures of the neurological
outcome. Each symbol represents one individual. n=8-10 mice per group, on 3 individual experi-
mental days. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Published in [170].

In a next step we aimed to investigate whether there is an increased incidence of intracranial
hemorrhages (ICH) in Unc13d-/- after tMCAO due to impaired hemostasis. GPIIb/IIIa blockade
was used as a positive control since application of 100 µg anti-GPIIb/IIIa F(ab)2 per mouse
leads to receptor blockade of more than 95% and a high incidence of ICH after tMCAO [101].
Indeed, massive hemorrhage was observed in brains from mice treated with anti-GPIIb/IIIa
F(ab)2 (see figure 3.7 B). In sharp contrast, no signs of ICH were visible in brains of Unc13d-/-

mice after tMCAO (see figure 3.7 B). Likewise, no hypointense areas, indicating ICH, were
detectable in MRI of Munc13-4-deficient mice after ischemic stroke (see figure 3.7 A). This data
excludes an increased rate of ICH in Munc13-4-deficient mice and confirms the observation that
Unc13d-/- mice do not show spontaneous bleedings.
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Figure 3.7: Knockout of Unc13d does not cause intracranial bleeding after ischemic stroke.
(A) MRI of cerebral infarcts 24 h after tMCAO in wildtype and Unc13d-/- mice (n>6). Representative
images are shown. T2-weighted gradient echo MRI shows bright ischemic lesions in wildtype mice
(top) and Unc13d-/- mice (bottom). Note that infarcts are smaller in Unc13d-/- mice compared to
wildtype mice. Hypointense (dark) areas indicative of intracranial hemorrhage (ICH) were not de-
tectable in both Unc13d-/- and wildtype controls. (B) Representative images of whole brain (top) and
corresponding coronal brain sections (bottom) from wildtype, Unc13d-/- and wildtype mice treated
with 100 µg anti-GPIIb/IIIa F(ab)2 (more than 95% receptor blockade), prior to 60 min of tMCAO.
Note the massive hemorrhage in the infarcted brain area of anti-GPIIb/IIIa treated mice, which was
absent in all other mice. Published in [170].
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3.2 Analysis of Nbeal2-deficient mice

3.2.1 Nbeal2-/- mice are macrothrombocytopenic and lack α-granules in MKs
and platelets

To analyze the role of Nbeal2 in platelet biogenesis, hemostasis, thrombosis and inflammatory
settings, the Nbeal2 gene was disrupted in mice. The absence of the Nbeal2 protein in platelets
was confirmed using Western blotting (see figure 3.8 A). Nbeal2-deficient mice were born in
expected Mendelian ratios, developed normally, were viable and fertile, and showed no signs
of spontaneous bleeding. Nbeal2-deficient mice showed a moderate macrothrombocytopenia,
with platelet size increased by 14% and a platelet count reduced by 40% compared to wildtype
(see figure 3.8 B). A mild increase in the relative spleen weight was observed in 6-week-old
mice, which did not develop further in older mice (see figure 3.8 C). Analysis of the spleen and
bone marrow revealed an almost twofold increase in the number of splenic MKs and a minor

Figure 3.8: Knockout of Nbeal2 causes macrothrombocytopenia. (A) Western blot analysis of
Nbeal2 expression in platelets of wildtype and Nbeal2-/- mice. Actin was used as loading control. (B)
Platelet counts and mean platelet volume (MPV) of wildtype and Nbeal2-deficient mice. (C) Spleen-
to-body-weight ratio in young (6 weeks) and old (24 weeks) mice. (D) Quantification of MK numbers
per visual field (294 x 221 µm) in hematoxylin and eosin stained sections of old and young mice.
Values are mean ± SD. n=4 mice per group and are representative of 3 independent experiments.
*, p<0.05; **, p<0.01; ***, p<0.001. Parts published in [34].
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increase in the number of bone marrow MKs in both young and older mice that lack Nbeal2
(see figure 3.8 D).

Of note, Nbeal2-deficient platelets showed a life span that was similar to that of wildtype
platelets as assessed by injection of a fluorescently labeled anti-platelet antibody and quan-
tification of the percentage of labeled platelets over time. This excluded increased platelet
clearance as a cause of the thrombocytopenia observed in these mice (see figure 3.9).

To assess whether Nbeal2-deficiency causes global defects on the hematopoietic system, ba-
sic blood parameters of wildtype and Nbeal2-deficient mice were analyzed using a Sysmex
hematology analyzer. RBC and WBC count, HGB concentration and HCT were unaltered in
Nbeal2-/- mice (see table 3.2). Next, the effect of Nbeal2-deficiency on certain immune cell
populations was investigated. B cell, T cell and granulocyte subpopulations were analyzed us-
ing flow cytometry and found to be unaltered in Nbeal2-deficient mice.

Expression levels of major platelet surface glycoproteins were comparable to those of wild-
type platelets, except for slight elevations in GPIb, GPIX, αIIbβ3, and CD9 expression, which
correlated well with the increased platelet size (see table 3.2 and figure 3.8).

Wildtype Nbeal2-/- Significance
WBC [x103/µl] 6.3 ± 2.5 7.5 ± 2.8 n.s.
RBC [x106/µl] 6.8 ± 0.7 7.2 ± 1.6 n.s.
HGB [g/dl] 10.6 ± 1.0 12.2 ± 2.4 n.s.
HCT [%] 36.2 ± 3.5 40.1 ± 9.8 n.s.
GPIb [MFI] 325 ± 9 365 ± 4 **
GPV [MFI] 261 ± 9 268 ± 5 n.s.
GPIX [MFI] 362 ± 9 410 ± 11 ***
CD9 [MFI] 1149 ± 18 1226 ± 44 *
GPVI [MFI] 43 ± 1 42 ± 2 n.s.
α2 [MFI] 47 ± 3 46 ± 1 n.s.
β1 [MFI] 140 ± 12 135 ± 4 n.s.
αIIbβ3 [MFI] 552 ± 38 632 ± 37 **
CLEC-2 [MFI] 112 ± 8 123 ± 8 n.s.
B cells [%] 50.4 ± 3.6 53.1 ± 4.9 n.s.
CD4+ T cells [%] 16.2 ± 2.5 14.7 ± 1.4 n.s.
CD8+ T cells [%] 9.9 ± 1.7 11.3 ± 3.0 n.s.
Gr1+ CD11b+ [%] 7.3 ± 1.5 8.0 ± 3.6 n.s.
Gr1low CD11b+ [%] 7.1 ± 1.8 5.1 ± 1.2 n.s.
Gr1neg CD11blow [%] 3.4 ± 2.0 4.0 ± 1.0 n.s.

Table 3.2: Basic blood parameters of Nbeal2-/- mice. Basic blood parameters were assessed by
analyzing diluted whole blood using a Sysmex hematology analyzer. For other values, diluted whole
blood (major platelet glycoproteins) or blood lysed in ACK buffer (immune cells) was analyzed by
flow cytometry. Results are expressed as mean ± SD. n=4 mice per group and are representative
of 3 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant.

TEM analyses were performed to study the ultrastructure of platelets and MKs and confirmed
the absence of α-granules in platelets of Nbeal2-/- mice, while dense granules were not affected.
Nbeal2-deficient platelets showed increased numbers of vacuoles, which appeared empty, with
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Figure 3.9: Nbeal2 knockout does not affect platelet lifespan in vivo. To measure platelet lifes-
pan, mice were injected i.v. with DyLight488-conjugated anti-GPIX. Afterwards blood was collected
daily and the percentage of labeled platelets was analyzed. Results are presented as mean ± SD.
n=4 mice per group and are representative of 3 independent experiments. Published in [34].

Figure 3.10: Nbeal2-/- platelets show defective α-granule biogenesis. (A) Representative TEM
images of wildtype and Nbeal2-deficient platelets. Note complete lack of α-granules in knockout
platelets. AG, α-granules; DG, dense granules; M, mitochondria; V, vacuoles. Scale bar 1 µm. (B)
Ultrastructure of Nbeal2-/- platelets. Note the large vacuoles. Scale bar: 0.5 µm (upper), 0.25 µm
(lower). Published in [34].
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no electron-dense material present (see figure 3.10 A and B). In some knockout samples, there
were structures present that could be described as α-granule remnants and were partially filled
with diffuse electron-dense material. This is in agreement with observations in platelets from
GPS patients [118]. Immunofluorescent staining of vWF in spread platelets showed typical
centralization of vWF-positive (α-)granules in wildtype platelets, while the protein was virtually
absent in Nbeal2-deficient platelets (see figure 3.11 A). Quantification of the total platelet vWF
content using an ELISA system confirmed that Nbeal2-deficient platelets contain only 11% of
the vWF present in wildtype platelets (see figure 3.11 B). Interestingly, fibrinogen levels were
affected to a similar extent.

Figure 3.11: Nbeal2 knockout causes absence of α-granular proteins in platelets. (A) Actin
(red) and vWF (green) staining on spread (30 min on fibrinogen) wildtype and Nbeal2-/- platelets.
Arrows point at residual vWF content in knockout platelets. (B) vWF and fibrinogen content in resting
platelets was analyzed using an ELISA. Data is presented as ∆OD450 - OD620 of 4 mice per group
normalized to vWF-deficient mice or PBS as control. Values are mean ± SD, representative of 3
independent experiments. Published in [34].

In contrast to wildtype mice, proplatelet territories of mature bone marrow MKs from Nbeal2-/-

mice contained no characteristic α-granules. At the same time, the number of vacuoles and
mitochondria were elevated in knockout MKs (see figure 3.12 top). A frequent observation was
the presence of leukocytes inside the cytoplasm of Nbeal2-deficient MKs, a process called em-
peripolesis (see figure 3.12 A, bottom left), a finding also seen in samples from human GPS pa-
tients [47]. The DMS of Nbeal2-deficient MKs showed normal development, with homogeneous
distribution of delimiting territories. Proplatelet formation was largely unaltered (see figure 3.12
A, bottom right). Confocal microscopy of fetal liver cell (FLC) derived MKs from wildtype and
Nbeal2-deficient mice revealed unaltered actin cytoskeleton and microtubular structures during
proplatelet formation (see figure 3.13 A). Quantification of the percentage of proplatelet-forming
MKs in cultures of FLC-derived MKs showed no significant differences between wildtype and
Nbeal2-deficient mice indicating that deficiency in α-granular proteins does not cause a general
defect in proplatelet formation from bone marrow MKs.

To further test the capacity of Nbeal2-deficient megakaryocytes to produce platelets, wildtype
and knockout mice were subjected to an in vivo assay of antibody-mediated thrombocytopenia.
To this end, mice were depleted of platelets by a single injection of 100 µg anti-GPIbα antibody
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Figure 3.12: Absence of α-granules but normal ultrastructure in Nbeal2-deficient MKs. Repre-
sentative TEM images of mature bone marrow MKs. Normal demarcation membrane system (DMS)
in proplatelet territories of wildtype MKs (upper left). Scale bar: 1 µm. Normal DMS is present in MKs
from Nbeal2-/- mice (upper right) but α-granules are completeley absent and an increased number
of vacuoles is visible. Scale bar: 1 µm. Emperipolesis (leukocytes inside the MK cytoplasm) is often
observed in knockout bone marrow (lower left, arrow). Scale bar: 3 µm. Normal proplatelet de-
velopment from Nbeal2-deficient MKs (lower right). Scale bar: 1 µm. AG, α-granules; DG, dense
granules; M, mitochondria; V, vacuoles; VS, vascular sinus. Published in [34].

Figure 3.13: Unaltered proplatelet formation in Nbeal2-deficient MKs. (A) Staining for actin
(red) and tubulin (green) structures in MKs from FLCs. Nuclei were stained with DAPI (blue). Scale
bar: 50 µm. (B) Percentage of proplatelet-forming MKs in cultures of FLC-derived MKs. Values are
mean ± SD, representative of 3 independent experiments. Published in [34].

and platelet recovery was assessed by evaluating platelet counts over time using flow cytom-
etry. Interestingly, when normalizing the platelet counts to basal levels, Nbeal2-deficient mice
showed similar kinetics as wildtype mice (see figure 3.14).

Staining of FLC- and bone marrow-derived MKs for vWF revealed a diffuse distribution in wild-
type MKs (see figure 3.15 A), while Nbeal2-deficient MKs showed two staining patterns: They
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Figure 3.14: Nbeal2-/- MKs show unaltered platelet production capacity after antibody-
mediated platelet depletion. Wildtype and Nbeal2-/- mice were depleted of platelets by single-dose
injection of 100 µg of anti-GPIbα antibody. Platelet count recovery kinetics were assesed by flow cy-
tometry. Values are mean ± SD, n=5 mice per group, representative of 3 independent experiments.

Figure 3.15: Impaired distribution of α-granular protein vWF in Nbeal2-/- MKs. (A) vWF distri-
bution (green) in bone marrow derived MKs from wildtype and Nbeal2-/- mice. Actin cytoskeleton
was stained using phalloidin (red) and nuclei were stained with DAPI (blue). Scale bar: 25 µm. (B)
Quantification of vWF, fibrinogen and PF4 levels in plasma of wildtype and Nbeal2-deficient mice
using ELISAs. Data is presented as ∆OD450 - OD620. Values are mean ± SD, representative of 3 in-
dependent experiments. (C) Analysis of vWF multimer distribution in citrated whole blood of wildtype
(WT) and Nbeal2-deficient mice. Note unaltered triplet structure, equal distribution and presence of
high molecular weight multimers in both samples. Published in [34].

51



3 Results

Figure 3.16: Unaltered Golgi apparatus morphology in Nbeal2-deficient MKs and localization
of MKs in the bone marrow. (A) Bone marrow-derived MKs from wildtype and Nbeal2-/- mice were
stained for actin (green), GM130 as a Golgi marker (red) and DAPI as a nuclear marker (blue). Scale
bar: 25 µm. (B) Bone marrow sections from wildtype and knockout mice were analyzed for GPIb as
a MK marker (green), endoglin as an endothelial marker (red) and DAPI as a nuclear marker (blue).
Scale bar: 80 µm.

either lacked vWF or displayed accumulation of the protein in certain cytoplasmic areas be-
tween nucleus and plasma membrane. These areas often also showed additional irregular
deposition of actin, which was not seen in Nbeal2-/- MKs lacking vWF or wildtype MKs. A pos-
sible explanation could be that vWF is lost from Nbeal2-deficient MKs at an early time point
during megakaryopoiesis, resulting in platelets devoid of vWF (see figure 3.15 A). To investi-
gate whether vWF production in endothelial cells was altered, vWF plasma levels and multimer
size distribution were analyzed. Both were found to be indistinguishable between wildtype and
Nbeal2-deficient mice (see figure 3.15 B and C), indicating an unaltered vWF synthesis in en-
dothelial cells. Importantly, fibrinogen and PF4 levels in plasma were also unaltered.

To investigate whether Nbeal2-deficiency causes alterations in the morphology of the Golgi ap-
paratus, MKs from wildtype and Nbeal2-/- mice were analyzed using the Golgi marker GM130.
GM130-positive signals were found close to the nucleus in knockout MKs and showed unal-
tered appearance compared to wildtype cells indicating that overall morphology of the Golgi

52



3.2 Analysis of Nbeal2-deficient mice

apparatus was unaltered.

As MK morphology appeared normal apart from α-granule deficiency and mislocalization of
vWF (see figures 3.12, 3.13 and 3.15), it was interesting to see whether Nbeal2-deficient MKs
localize normally within the bone marrow. To this end, whole femora from wildtype and knock-
out mice were sectioned using a cryotome and stained for MKs and vasculature. The analysis
showed no alterations in localization of the knockout MKs compared to wildtype with MKs lo-
cated to the same extent at the vessel, in the space between the vessels and a small fraction
even inside the vessel (see figure 3.16 B). This indicates that there is no obvious alteration in
MK maturation or migration in Nbeal2-deficient animals.

Figure 3.17: Nbeal2-/- platelets show reduced P-selectin exposure upon stimulation. Flow cy-
tometric analysis reveals reduced surface expression of P-selectin (A) but largely unaltered integrin
αIIbβ3 activation (JON/A binding, B) in Nbeal2-deficient platelets after stimulation with the agonists
indicated. Results are presented as MFI ± SD. n=5 mice per group, representative of 3 independent
experiments. U46, U46619; Thr, thrombin; RC, rhodocytin; CVX, convulxin. *, p<0.05; **, p<0.01;
***, p<0.001. Published in [34].

To analyze Nbeal2-/- platelet activation, flow cytometric analysis of P-selectin surface exposure
as a marker of α-granule release and integrin αIIbβ3 activation was performed using wildtype
and knockout platelets. In line with paucity of α-granules, Nbeal2-/- platelets showed markedly
reduced P-selectin exposure compared with wildtype platelets in response to all agonists tested
(see figure 3.17 A), while integrin αIIbβ3 activation was largely unaltered (see figure 3.17 B).
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Figure 3.18: Slightly altered integrin recruitment but impaired aggregation of Nbeal2-/-

platelets. (A) Binding of the JON7-FITC antibody was used to quantify integrin αIIbβ3 recruitment
to the platelet surface upon stimulation with the agonists indicated. Results are presented as MFI ±
SD. n=4 mice per group, representative of 3 independent experiments. (B) Relative JON7-FITC sig-
nal as percentage of resting. (C) Representative aggregation traces (recording time 10 min) show
impaired aggregation of Nbeal2-deficient platelets upon stimulation with the agonists indicated. (D)
ATP release from wildtype and knockout platelets was assessed after stimulation with the indicated
agonists using a luciferase assay. Results are presented as mean ± SD. n=3 mice per group, rep-
resentative of 3 independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. Published in [34].

Analysis of total integrin αIIbβ3 surface levels further revealed that the activation-dependent re-
cruitment of intracellular αIIbβ3 pools seen in wildtype controls was slightly reduced in Nbeal2-/-

platelets (see figure 3.18 A and B). Surface levels of other glycoproteins on Nbeal2-/- platelets
after stimulation were largely unaltered compared to wildtype platelets (see tables 3.3 and 3.4).

To study the functional consequences of these combined defects, aggregation responses upon
stimulation with different agonists were assessed. Consistent with previous results and ob-
servations in patients with GPS [139], Nbeal2-/- platelets showed reduced aggregation upon
stimulation with collagen, collagen-related peptide (CRP), or PAR-4 peptide (see figure 3.18
C). Interestingly, ATP release was unaltered upon stimulation with thrombin or collagen (see
figure 3.18 D), indicating that dense granule secretion is unaffected in knockout platelets.
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Resting CVX
MFI Wildtype Nbeal2-/- Sign. WT Nbeal2-/- Sign.
GPIb 325 ± 9 365 ± 4 ** 274 ± 21 255 ± 29 n.s.
GPV 261 ± 9 268 ± 5 n.s. 266 ± 5 191 ± 16 ***
GPIX 362 ± 9 410 ± 11 *** 382 ± 20 392 ± 20 n.s.
CD9 1149 ± 18 1226 ± 44 * 1515 ± 96 1595 ± 76 n.s.
GPVI 43 ± 1 42 ± 2 n.s. 36 ± 2 35 ± 3 n.s.
α2 47 ± 3 46 ± 1 n.s. 67 ± 7 65 ± 8 n.s.
β1 140 ± 12 135 ± 4 n.s. 169 ± 11 155 ± 7 *
αIIbβ3 552 ± 38 632 ± 37 ** 680 ± 62 596 ± 53 n.s.
CLEC-2 112 ± 8 123 ± 8 n.s. 183 ± 27 166 ± 11 n.s.

Table 3.3: Glycoprotein expression after stimulation of Nbeal2-/- platelets with convulxin. Ex-
pression levels of major glycoproteins of resting wildtype and Nbeal2-deficient platelets and after
stimulation with 0.5 µg/ml convulxin (CVX). Results are expressed as MFI ± SD. n=4 mice per
group, representative of 4 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s.,
not significant.

3.2.2 Defective adhesion and aggregate formation of Nbeal2-/- platelets under
flow

To examine the consequences of platelet α-granule deficiency on thrombus formation under
flow, anticoagulated whole blood of Nbeal2-deficient and wildtype mice was perfused over im-
mobilized collagen at shear rates of 1,000 s-1 and 1,700 s-1. Wildtype platelets adhered to col-
lagen fibers and formed aggregates within minutes which consistently grew into large thrombi
by the end of the perfusion period. In sharp contrast, Nbeal2-deficient platelets exhibited re-
duced adhesion, and three-dimensional growth of thrombi was markedly impaired (see figure
3.19 A). As a consequence, the surface area covered by platelets and the total thrombus vol-
ume were reduced by approximately 85% and 88% respectively, at a shear rate of 1,700 s-1.
Similar results were obtained at an intermediate shear rate of 1,000 s-1. These findings indicate
that α-granular components are required for efficient platelet adhesion on collagen and stable
aggregate formation under flow.

Activated platelets facilitate coagulation by exposing procoagulant phosphatidylserine (PS) on
their outer surface. To determine a possible role of α-granules in this process, anticoagulated
whole blood from wildtype or Nbeal2-deficient mice was perfused over collagen at a shear
rate of 1,000 s-1 and PS exposure was determined using Annexin-A5-DyLight488 staining.
Remarkably, the procoagulant index, reflecting PS exposure per covered surface area, was
dramatically reduced by two orders of magnitude in Nbeal2-deficient platelets compared to
wildtype controls (see figure 3.20 A and B). This pronounced defect in the coagulant response
of Nbeal2-deficient platelets was confirmed by flow cytometric analysis of PS exposure upon
stimulation with different agonists (see figure 3.20 C). Together, these results revealed that
α-granules or components thereof are critical for platelet coagulant activity under shear stress.
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Resting Thr
MFI Wildtype Nbeal2-/- p Wildtype Nbeal2-/- p
GPIb 325 ± 9 365 ± 4 ** 196 ± 8 226 ± 33 n.s.
GPV 261 ± 9 268 ± 5 n.s. 34 ± 3 29 ± 2 *
GPIX 362 ± 9 410 ± 11 *** 383 ± 30 389 ± 23 n.s.
CD9 1149 ± 18 1226 ± 44 * 1787 ± 122 1636 ± 66 *
GPVI 43 ± 1 42 ± 2 n.s. 57 ± 3 47 ± 4 **
α2 47 ± 3 46 ± 1 n.s. 75 ± 8 57 ± 10 *
β1 140 ± 12 135 ± 4 n.s. 177 ± 13 158 ± 8 *
αIIbβ3 552 ± 38 632 ± 37 ** 801 ± 80 652 ± 61 *
CLEC-2 112 ± 8 123 ± 8 n.s. 211 ± 21 163 ± 13 **

Table 3.4: Glycoprotein expression after stimulation of Nbeal2-/- platelets with thrombin. Ex-
pression levels of major glycoproteins of resting wildtype and Nbeal2-deficient platelets and after
stimulation with 0.1 U/ml thrombin (Thr). Results are expressed as MFI ± SD. n=4 mice per group,
representative of 4 independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not
significant.

Figure 3.19: Defective adhesion to collagen under flow of Nbeal2-/- platelets. (A) Representa-
tive brightfield (BF) and fluorescence images show abrogated platelet adhesion to collagen under
flow at a shear rate of 1,700 s-1. Platelets were stained using an anti-GPIX-DyLight488 antibody.
Scale bar: 50 µm. (B) Surface coverage and relative thrombus volume (measured as integrated
fluorescence intensity) at 1,000 s-1 and 1,700 s-1. Results are presented as mean ± SD. n=5 mice
per group, representative of 3 independent experiments. ***, p<0.001. Published in [34].
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Figure 3.20: Impaired phosphatidylserine exposure on Nbeal2-/- platelets under flow. (A) Rep-
resentative brightfield (BF) and fluorescence images show impaired phosphatidylserine (PS) expo-
sure on platelets perfused over collagen at a shear rate of 1,000 s-1. PS was measured using
Annexin-A5-DyLight488. Scale bar: 65 µm. (B) Procoagulant index was calculated as the ratio of
Annexin-A5-positive cells per surface coverage. (C) Percentage of Annexin-A5-positive cells after
stimulation of diluted washed platelets with the agonists indicated was measured using flow cytom-
etry. Results are presented as mean ± SD. n=5 mice per group, representative of 3 independent
experiments. *, p<0.05; ***, p<0.001. Published in [34].

3.2.3 Severely defective arterial thrombus formation and hemostasis in
Nbeal2-deficient mice

As platelet aggregation contributes to pathologic occlusive thrombus formation, the effects of
Nbeal2-deficiency on ischemia and infarction were studied by in vivo fluorescence microscopy
following ferric chloride-induced mesenteric arteriole injury. Nbeal2-/- mice showed an unchanged
onset of thrombus formation compared to wildtype mice, with appearance of first thrombi of
more than 10 µm in diameter approximately 9 min after injury in both groups (see figure 3.21 A
and B). However, while thrombus formation rapidly progressed to full occlusion of the vessel in
15 out of 16 wildtype vessels (mean occlusion time: 18.9 ± 4.3 min), occlusive thrombus forma-
tion was markedly impaired in Nbeal2-/- mice (see figure 3.21 A and C). This defect was caused
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by the formation of unstable platelet aggregates, which embolized rapidly. Blood flow was main-
tained throughout the observation period in 10 out of 16 vessels, indicating a requirement for
the content of α-granules during occlusive thrombus formation.

Figure 3.21: Impaired arterial thrombus formation in Nbeal2-/- mice. (A) Representative images
of arterioles during injury induced by topical application of 20% FeCl3. (B) Time to appearance of
first thrombus is depicted. Time to vessel occlusion was analyzed in wildtype and Nbeal2-deficient
mice (C) as well as in irradiated wildtype mice transplanted with wildtype and Nbeal2-deficient bone
marrow (D). Each symbol represents one arteriole. Results are presented as mean ± SD. n=5 mice
per group, representative of 3 independent experiments. **, p<0.01; ***, p<0.001. Published in [34].

To confirm these findings in a second model of arterial thrombosis, the abdominal aortae of
wildtype and Nbeal2-deficient mice were mechanically injured and blood flow was monitored
with an ultrasonic flow probe. While all wildtype animals formed irreversible occlusions within
10 min (mean occlusion time: 6.4 ± 1.7 minutes), occlusive thrombus formation did not occur
in 7 out of 8 Nbeal2-/- mice during the 30 min observation period (see figure 3.22 A and B).
Taken together, these results demonstrate that α-granules are required for the propagation and
stabilization of platelet-rich thrombi in small and large arteries and in response to different types
of injury.

We next assessed the impact of Nbeal2-deficiency on hemostasis by determining tail bleeding
times using a model where 1 mm of the tail tip is cut with a scalpel and bleeding time is assessed
by absorbing blood on filter paper without making contact with the wound. While 12 out of 14
wildtype animals arrested bleeding within the observation period of 20 min (mean: 460 ± 178
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s), none of the Nbeal2-deficient mice investigated was able to arrest bleeding within that time
frame (see figure 3.22 D), indicating a strong hemostatic defect.

The results from the in vivo thrombosis and hemostasis models were confirmed in irradiated
wildtype mice reconstituted with Nbeal2-deficient bone marrow, demonstrating the importance
of Nbeal2 in the hematopoietic system for preventing excessive blood loss and for the forma-
tion of stable vessel occluding thrombi in vivo and excluding that non-hematopoietic cells (e.g.
endothelial cells) might play a role (see figure 3.21 D, figure 3.22 C and data not shown).

Figure 3.22: Impaired thrombus formation and hemostasis in Nbeal2-/- mice. (A) Representa-
tive blood flow curves after aorta injury. Time to vessel occlusion was analyzed in wildtype and
Nbeal2-deficient mice (B) as well as in irradiated wildtype mice transplanted with wildtype and
knockout bone marrow (C). (D) Hemostatic function was assessed using the tail bleeding model.
Each symbol represents one mouse. **, p<0.01; ***, p<0.001. Published in [34].

To further exclude the possibility that Nbeal2-deficiency leads to defects in endothelial cells,
different tissues were stained for vWF, an important Weibel-Palade body marker in endothelial
cells of different origin. Endothelial cells in wildtype and knockout samples of lung, liver and
intestine showed a punctate distribution of vWF (see figure 3.23), indicating a normal synthesis
and storage of proteins in Nbeal2-deficient endothelial cells in line with previous results for
patients with GPS which showed that endothelial cells were unaffected [57].
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Figure 3.23: Unaltered vWF distribution in endothelial cells of wildtype and Nbeal2-deficient
mice. Cryo-sections of lung (A), liver (B) and intestine (C) were stained for vWF (green). Endoglin
(red) was used as an endothelial marker. Cell nuclei were stained using DAPI (blue). Scale bars: 10
µm. Parts published in [34].

3.2.4 Nbeal2-/- mice are protected in a model of ischemic stroke

Although it is well established that pathological platelet activation contributes to the disturbance
of microvascular integrity during cerebral ischemia through thrombotic and proinflammatory
pathways, the underlying mechanisms have not yet been fully elucidated [130]. To determine
the importance of platelet α-granules in this process, we studied the development of neuronal
damage following transient cerebral ischemia in Nbeal2-/- mice using a model that depends
on platelet adhesion and activation in microvessels downstream of the MCA [172]. To initiate
transient cerebral ischemia, a thread was advanced through the carotid artery into the MCA and
allowed to remain for 60 min (tMCAO), reducing regional cerebral flow by >90% [101]. Infarct
volumes were assessed by TTC staining 24 h after reperfusion. Infarct size was significantly
reduced in Nbeal2-/- mice compared to wildtype mice (40.9 ± 10.5 mm3 versus 87.29 ± 9.0
mm3; p < 0.01) (see figure 3.24 A and B). The difference in infarct volume was functionally
relevant, as the Bederson score assessing global neurological function (1.5 ± 0.2 versus 2.9 ±
0.3, respectively; p < 0.01) and the grip test, which measures motor function and coordination
(4.0 ± 0.3 versus 2.4 ± 0.6, respectively; p < 0.05), were significantly better in Nbeal2-/- mice
compared to wildtype controls (see figure 3.24 C and D).

Irradiated wildtype mice reconstituted with Nbeal2-/- bone marrow developed small infarcts com-
parable to those of Nbeal2-/- mice, whereas wildtype mice transplanted with wildtype bone mar-
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Figure 3.24: Nbeal2-deficient mice are protected in a model of cerebral ischemia. Mice were
subjected to 60 min of tMCAO. (A) Representative images of coronal sections stained with TTC 24
h after tMCAO of wildtype and knockout mice as well as irradiated wildtype mice reconstituted with
wildtype and knockout bone marrow. Infarcted areas are shown in white. (B) Planimetric analysis
was used to quantify the infarct volume. Results are presented as mean± SD. n≥10 mice per group,
representative of 3 independent experiments. Bederson score (C) and grip test (D) were used to
analyze neurological outcome 24 h after tMCAO. Each symbol represents one mouse. *, p<0.05;
**, p<0.01. Published in [34].

row developed infarcts comparable to those of control wildtype mice (see figure 3.24 B). Mice
reconstituted with knockout bone marrow also performed signifcantly better in both the Bed-
erson score and the grip test (see figure 3.24 C and D). Notably, there was no evidence of
intracranial hemorrhage in any of the animals analyzed. These results indicated that platelet
α-granules are critical to drive thrombo-inflammatory neuronal damage in the acutely ischemic
brain.

3.2.5 Nbeal2-/- mice show impaired dermal healing due to reduced TGF-β
release from mutant platelets

Platelets are among the first cell types infiltrating sites of injury and contribute to wound hemosta-
sis. In addition, platelets provide essential mediators, which attract neutrophils, macrophages,
endothelial cells, and fibroblasts to the wound site [41, 192]. Platelet α-granules contain TGF-β,
which is one of the most abundant mediators that limits immune cell proliferation [104] and is
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required for the differentiation of myofibroblasts, which produce the majority of extracellular ma-
trix components forming the temporary granulation tissue [182] and ultimately the scar. While
the importance of TGF-β for a successful healing process is well established, the relative con-
tribution of the platelet-derived pool of this and other growth factors or α-granule component
released during platelet activation is unknown.

To assess the functional significance of α-granule-derived mediators for efficient tissue repair,
full-thickness wounds comprising epidermis, dermis, and subcutaneous fat were inflicted on
the backs of Nbeal2-/- mice and wildtype control animals. Seven days post injury, the amount
of granulation tissue filling the wound and the presence of myofibroblasts in this tissue were
assessed (see figure 3.25). Routine histological analysis (H&E) revealed that wounds in mice
from both genotypes were fully reepithelialized (see figure 3.25 A). However, the area of the
underlying granulation tissue was severely reduced in wounds from Nbeal2-/- mice compared
to control animals (see figure 3.25 A and B). In particular, the collagenous tissue, visualized by
picrosirius red stain (see figure 3.25 A, middle), was much less developed in mutants, while the
extent of neovasculature, detected by CD31 staining, was not altered (data not shown). This
suggests either reduced abundance or impaired function of myofibroblasts, the key effector cells
elaborating the new dermal matrix. In fact, wounds from mutant animals contained significantly
fewer myofibroblasts than controls, as shown by staining for αSMA, a marker of the myofibrob-
last contractile microfilament apparatus, indicating impaired myofibroblast differentiation (see
figure 3.25 A, bottom and C).

As the differentiation of myofibroblasts relies on TGF-β, we speculated that Nbeal2-deficient
platelets might not provide sufficient amounts of this mediator. Immunoblotting of control and
Nbeal2-deficient platelet lysates confirmed dramatically diminished amounts of free, mature
TGF-β (12 kDa) as well as of its precursor pro-TGF-β (approx. 50 kDa; see figure 3.25 D and
E). These results demonstrate for the first time that biologically active proteins released from
platelet α-granules are crucial for myofibroblast differentiation and production of matrix proteins
(e.g. collagens) reconstituting dermal integrity after injury.

3.2.6 Comparison of Nbeal2-/- and human GPS platelets and MKs

As apparent from the data presented in the sections before, Nbeal2-/- mice phenocopy several
major characteristics of the GPS. For direct comparison, platelets and MKs from GPS patients
as well as Nbeal2-/- platelets were analyzed. Electron microscopy revealed that platelets from
GPS patients and Nbeal2-deficient mice display similar morphological properties including the
presence of vacuole-like structures with no electron-dense material inside, as well as an in-
crease in platelet size, while dense granule numbers were unaltered (see figure 3.26).

As shown before, α-granular protein vWF accumulates in Nbeal2-/- MKs indicating dysregulated
protein targeting (see figure 3.15). To compare these findings to the GPS phenotype, CD34+

cells from a GPS patient were isolated and cultured. vWF staining of MKs at different maturation
stages showed that vWF is present in early stage MKs but is not transported into proplatelets
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Figure 3.25: Nbeal2-deficiency interferes with healing of dermal wounds. (A) Representative
images of wounds on day 7 after injury. Wounds of Nbeal2-/- mice show less granulation tissue but
unaltered wound closure (H&E staining, top), reduced collagenous granulation tissue (dark red in
picrosirius red staining, middle) and abrogated myofibroblast numbers (bottom). Scale bars: 500
µm. (B) Quantification of granulation tissue (n≥15). (C) Analysis of αSMA positive area indicative
of myofibroblasts (n≥16). (D) Western blot analysis of the mature TGF-β monomer (12 kDa) and of
the pro-TGF-β monomer (50 kDa) in lysates from Nbeal2-/- and wildtype platelets. (E) Densitometric
quantification of TGF-β signals (12+50 kDa), normalized to β-actin signals (n=4). *, p<0.05; ***,
p<0.001. Published in [34].

during MK maturation (see figure 3.27).
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Figure 3.26: Ultrastructure of platelets from Nbeal2-deficient mice and human GPS patients.
Representative TEM images of resting wildtype and Nbeal2-/- platelets (A) and from a healthy hu-
man subject as well as a characterized GPS patient with a homozygous L388P mutation. Platelets
deficient in NBEAL2 both show lack of α-granules (#) and an increased number of vacuoles (arrows)
while platelet size was increased and dense granule (*) content was unaltered. Published in [35].

Figure 3.27: vWF distribution in cultured MKs from a GPS patient. Confocal microscopy of MKs
cultured in vitro from CD34+ cells from the peripheral blood of a GPS patient with a homozygous
L388P mutation in NBEAL2. (A) A round immature MK shows abundant labeling for vWF. (B) A MK
shows vWF staining along the proplatelet extension, the vWF labeling is decreased compared to
control and is absent from the proplatelet tip. (C) A very mature MK with a long proplatelet string
exhibits typical swellings along its length while the vWF labeling is minimal. This suggests that vWF
is not maintained in the MK during maturation. Published in [35].
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3.3 Analysis of Munc13-4/Nbeal2-deficient mice

3.3.1 Macrothrombocytopenia but unaltered platelet glycoprotein expression in
Unc13d-/-/Nbeal2-/- mice

To analyze the effect of combined deficiency in secretion from α- and dense granules, Unc13d-/-

and Nbeal2-/- mice were intercrossed to generate animals deficient in both Munc13-4 and
Nbeal2. Unc13d-/-/Nbeal2-/- mice were born in the expected Mendelian ratios, developed nor-
mally and did not show spontaneous bleeding (data not shown).

Double-deficient mice showed a platelet count of approximately 50% of control mice which was
slightly below that of Nbeal2-/- mice (see figure 3.28) and an increase in platelet size by about
15%. This indicates that additional dense granule deficiency most likely does not cause further
defects in platelet biogenesis.

Figure 3.28: Macrothrombocytopenia in Unc13d-/-/Nbeal2-/- mice. Platelet count (A) and platelet
volume (B) of wildtype, Unc13d-/-, Nbeal2-/- and Unc13d-/-/Nbeal2-/- (DKO) mice were analyzed using
a Sysmex hematology analyzer. Values are mean ± SD. n=4 mice per group; representative of 3
independent experiments. ***, p<0.001.

Unc13d-/-/Nbeal2-/- mice displayed unaltered basic blood parameters like RBC and WBC count,
HGB concentration, HCT and surface expression of important platelet glycoproteins like GPIb,
GPVI or CLEC-2, while there were slight alterations in integrin α2 and αIIbβ3 levels (see ta-
ble 3.5). ATP release measurements from double-deficient platelets using lumi-aggregometry
confirmed complete absence of dense granule secretion (see figure 3.29).

3.3.2 Abrogated P-selectin exposure and reduced integrin activation upon
stimulation of Munc13-4/Nbeal2-deficient platelets

To assess the impact of defective α- and dense granule secretion on platelet reactivity, platelets
from Unc13d-/-, Nbeal2-/-, double-deficient and wildtype mice were stimulated with different
agonists and P-selectin surface expression as well as integrin αIIbβ3 activation were measured
using a flow cytometer. Double-deficient platelets showed an additional reduction in P-selectin
exposure at the platelet surface compared to Nbeal2-deficient platelets upon stimulation with
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Wildtype Unc13d-/-/Nbeal2-/- Significance
WBC [x103/µl] 6.4 ± 1.67 8.4 ± 0.9 n.s.
RBC [x106/µl] 6.44 ± 1.45 5.68 ± 0.78 n.s.
HGB [g/dl] 9.6 ± 1.67 8.4 ± 0.89 n.s.
HCT [%] 33.6 ± 7.13 29.6 ± 3.29 n.s.
GPIb [MFI] 393 ± 4 395 ± 50 n.s.
GPV [MFI] 255 ± 18 241 ± 34 n.s.
GPIX [MFI] 447 ± 18 447 ± 31 n.s
CD9 [MFI] 991 ± 30 990 ± 48 n.s.
GPVI [MFI] 51 ± 4 48 ± 5 n.s.
α2 [MFI] 63 ± 5 79 ± 4 **
β1 [MFI] 179 ± 5 174 ± 13 n.s.
αIIbβ3 [MFI] 511 ± 30 441 ± 11 *
CLEC-2 [MFI] 162 ± 8 169 ± 14 n.s.

Table 3.5: Basic blood parameters of Unc13d-/-/Nbeal2-/- mice. Basic blood parameters were as-
sessed in diluted whole blood using a Sysmex hematology analyzer. To quantify surface expression
of major platelet glycoproteins, diluted whole blood was analyzed by flow cytometry. Results are
expressed as mean ± SD. n=4 mice per group, representative of 3 independent experiments. *, p
< 0.05; **, p < 0.01; n.s., not significant.

Figure 3.29: Abrogated ATP secretion from Unc13d-/-/Nbeal2-/- platelets upon stimulation.
ATP release from wildtype and Unc13d-/-/Nbeal2-/- (DKO) platelets after collagen or thrombin (Thr)
stimulation was assessed using a luciferase assay. Values are mean ± SD. n=4 mice per group;
representative of 3 independent experiments. n.d., not detectable

all thrombin and CRP concentrations tested (see figure 3.30 A). It is noteworthy that despite
the combined secretion deficiency of both granule types still 25-30% of wildtype P-selectin
levels could be recruited to the surface upon stimulation. Integrin activation of double-deficient
platelets displayed an additional reduction compared to Unc13d-/- platelets after stimulation with
all thrombin and CRP concentrations tested (see figure 3.30 B).
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Figure 3.30: Impaired activation of Munc13-4/Nbeal2-deficient platelets in suspension. Flow-
cytometric analysis revealed reduced surface expression of P-selectin (A) and integrin αIIbβ3 acti-
vation (JON/A binding, B) in Unc13d-/-/Nbeal2-/- (DKO) platelets after stimulation with the agonists
indicated. Results are presented as MFI ± SD. n=4 mice per group, representative of 3 indepen-
dent experiments. U46, U46619; Thr, thrombin; CRP, collagen-related peptide; RC, rhodocytin. *,
p<0.05; **, p<0.01; ***, p<0.001.

3.3.3 Unc13d-/-/Nbeal2-/- platelets show defective aggregation, adhesion to
collagen under flow and PS exposure

In line with the markedly reduced activation responses in the flow cytometry assay, double-
deficient platelets were unable to form stable aggregates in suspension (see figure 3.31) or
under flow (see figure 3.32). The defect in platelet aggregation was more severe than that ob-
served for Unc13d-/- or Nbeal2-/- platelets and was most pronounced upon stimulation with CRP,
collagen and low-dose thrombin (see figure 3.31). Stimulation with high-dose thrombin led to
aggregation responses that where comparable to those of single-deficient platelets, indicating
that strong stimulation might partially overcome the defect observed.

To investigate the effect of a combined deficiency of both α- and dense granule secretion on
platelet adhesion to ECM components under flow, diluted whole blood from double-deficient and
wildtype animals was perfused over collagen-coated glass slides at a shear rate of 1,000s-1.
Wildtype platelets rapidly adhered and formed three-dimensional thrombi resulting in a surface
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Figure 3.31: Impaired aggregation of Munc13-4/Nbeal2-deficient platelets. (A) Representative
aggregation traces (recording time 10 min) of wildtype, Unc13d-/-, Nbeal2-/- and Unc13d-/-/Nbeal2-/-

(DKO) platelets upon stimulation with the indicated agonists. Note almost abrogated aggregation of
DKO platelets upon stimulation with CRP or collagen. Thr, thrombin; CRP, collagen-related peptide.

coverage of about 40%. In contrast, Munc13-4/Nbeal2-deficient platelets were virtually unable
to adhere, resulting in a strongly reduced surface coverage and thrombus volume (see figure
3.32).

Figure 3.32: Impaired adhesion of Munc13-4/Nbeal2-deficient platelets to collagen under
flow. (A) Representative brightfield (BF, top) and fluorescence (bottom) images show virtually ab-
rogated adhesion of Unc13d-/-/Nbeal2-/- (DKO) platelets to collagen under flow at a shear rate of
1,000 s-1. Platelets were stained using an anti-GPIX-DyLight488 antibody. Scale bar: 50 µm. (B)
Surface coverage and relative thrombus volume (integrated fluorescence intensity, IFI) at a shear
rate of 1,000 s-1 were quantified. Results are presented as mean ± SD. n=5 mice per group, repre-
sentative of 3 independent experiments. ***, p<0.001.

Munc13-4/Nbeal2-deficient platelets exhibited markedly decreased PS exposure upon stimu-
lation with a combination of CRP and thrombin or convulxin as assessed by flow cytometric
analysis of Annexin-A5-positive cells. Total PS content, which was quantified by incubation with
the ionophore A23187, was largely preserved in double-deficient compared to wildtype platelets
(see figure 3.33).
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Figure 3.33: Defective phosphatidylserine exposure on Unc13d-/-/Nbeal2-/- platelets. Percent-
age of Annexin-A5-positive cells after stimulation of diluted washed wildtype and Unc13d-/-/Nbeal2-/-

(DKO) platelets with the agonists indicated was measured using flow cytometry. Results are pre-
sented as mean ± SD. n=5 mice per group, representative of 3 independent experiments. CRP,
collagen-related peptide; Thr, thrombin; CVX, convulxin; A23, A23187. ***, p<0.001.

3.3.4 Munc13-4/Nbeal2-deficient mice display impaired thrombosis and
hemostasis in vivo

To investigate the effect of combined deficiency of platelet α- and dense granule secretion on
thrombus formation in vivo, double-deficient and wildtype mice were subjected to an aorta injury
model. In this model, mechanical injury using forceps causes denudation of the underlying ECM
and thereby triggers platelet adhesion and aggregation. While in wildtype animals full vessel
occlusion occurred approximately 300 s after injury, only very small or no thrombi formed at
the site of injury in double-deficient mice. None of the 9 animals investigated were able to fully
occlude the vessel during the observation period (see figure 3.34 A). When subjected to an in
vivo tail bleeding time model, Munc13-4/Nbeal2-deficient mice were unable to arrest bleeding,
while wildtype animals stopped bleeding after approximately 400 s (see figure 3.34 B). Taken
together, this confirms that platelet α- and dense granule secretion are crucial for both in vivo
thrombosis and hemostasis.

3.3.5 Unc13d-/-/Nbeal2-/- mice maintain vascular integrity at sites of local
inflammation but not ischemic stroke

Recently, it was reported that platelets are required to maintain vascular integrity during local
inflammation of the skin, lung and in the brain in the course of ischemic stroke [59]. Signaling
through platelet (hem)ITAM receptors has been identified as a key step in the initiation of this
process, but the downstream effects remained unknown [18]. To investigate whether platelet
granule secretion is involved, animals deficient for both α- and dense granule secretion were
subjected to models of skin and lung inflammation as well as ischemic stroke and the occur-
rence of hemorrhage was assessed.

The reverse passive Arthus reaction (rpA) triggers local inflammation by intradermal injection
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Figure 3.34: Abrogated in vivo thrombus formation and hemostasis in Unc13d-/-/Nbeal2-/-

mice. (A) Time to vessel occlusion in an aorta injury model was analyzed in wildtype and
Unc13d-/-/Nbeal2-/- (DKO) mice. (B) Tail bleeding times were assessed in wildtype and DKO mice
using the filter paper model. Each symbol represents one mouse. ***, p<0.001.

of an antibody (e.g. anti-BSA) followed by intravenous injection of the respective antigen (e.g.
BSA). In agreement with previous studies [59], wildtype mice showed only edema formation
at the site of antibody injection, while platelet-depleted mice displayed massive intradermal
hemorrhage (see figure 3.35 A). Double-deficient mice exhibited no or minimal intradermal
bleeding in this assay, which originated from needle injury. Quantification of the hemoglobin
content in tissue punch biopsies revealed a strong increase in samples from platelet-depleted
but not wildtype control or Unc13d-/-/Nbeal2-/- mice (see figure 3.35 B).

Intranasal application of LPS leads to severe lung inflammation in mice, which causes massive
pulmonary hemorrhage in the absence of platelets [59]. Following LPS-induced lung inflam-
mation, the bronchoalveolar lavage (BAL) of thrombocytopenic mice showed a high content of
RBCs while there were much less RBCs in the BAL of wildtype and Unc13d-/-/Nbeal2-/- mice
(see figure 3.35 C). Quantification of the hemoglobin content revealed an eightfold increase in
the BAL from platelet-depleted compared to wildtype mice, while double-deficient mice showed
only a slight elevation (see figure 3.35 D). Taken together, these results indicate that α- and
dense granule contents are most likely dispensable for maintaining vascular integrity during
local inflammation.

To investigate whether the observations made regarding the vascular integrity during inflamma-
tion of the skin and lung also hold true during ischemic stroke, mice deficient for both Munc13-4
and Nbeal2 were subjected to the tMCAO model of cerebral ischemia. Infarct volumes, as as-
sessed by TTC staining 24 h after reperfusion, were significantly reduced by approximately
50% in Unc13d-/-/Nbeal2-/- compared to wildtype mice (see figure 3.36 A and B). The decrease
in infarct volume was functionally relevant, as both the Bederson score which assesses global
neurological function and the grip test that measures motor function and coordination were sig-
nificantly improved in double-deficient compared to wildtype control animals (see figure 3.36 C
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Figure 3.35: Munc13-4/Nbeal2-deficient platelets maintain vascular integrity during local in-
flammation of the skin and lung. Wildtype (WT), platelet-depleted WT and Unc13d-/-/Nbeal2-/-

(DKO) mice were subjected to the rpA reaction to induce local skin inflammation (A+B) or to a
model of LPS-induced lung inflammation (C+D). (A) Representative images. Inflammatory spots
are highlighted. (B) Quantification of the hemoglobin content in tissue punch biopsies. (C) Repre-
sentative images of BAL 4 h after LPS application. (D) Quantification of the hemoglobin content in
BAL liquid 4 h after LPS application. Results are presented as mean ± SD. n=4 mice per group,
representative of 3 independent experiments.

and D). Importantly, however, double-deficient mice showed an increased mortality rate within
24 h after tMCAO of 40% versus 0% in wildtype animals. Further investigation revealed that
the mice died from intracranial hemorrhage and that surviving mice showed microbleedings,
intraparenchymal and subarachnoid hemorrhage in the infarcted area (see figure 3.36 B and
E). This indicates that vascular integrity during local inflammation of the skin or lung and throm-
boinflammation in the brain is maintained by two different processes and that the latter requires
platelet granule secretion. Of note, no intracranial hemorrhage was observed in the brains from
Unc13d-/- or Nbeal2-/- single-deficient mice after tMCAO indicating that intact release from ei-
ther α- or dense granules is sufficient to maintain vascular integrity during ischemic stroke while
combined deficiency causes loss of vascular integrity during thromboinflammation.
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Figure 3.36: Increased rate of hemorrhage and mortality after ischemic stroke in
Unc13d-/-/Nbeal2-/- mice (A) Representative images of coronal sections stained with TTC 24 h
after tMCAO of wildtype and knockout mice. Infarcted areas are shown in white. (B) Planimetric
analysis was used to quantify the infarct volume. Mortality rates 24 h after tMCAO are indicated.
Results are presented as mean ± SD. n=15 mice per group, representative of 3 independent exper-
iments. Bederson score (C) and grip test (D) were used to analyze neurological outcome 24 h after
tMCAO. Each symbol represents one mouse. (E) Representative images show microbleedings in
TTC-stained brain sections (left) or intraparenchymal (middle) and subarachnoid (right) bleedings
(arrows) in native brain sections of double-deficient mice after stroke. ***, p<0.001.

72



4 Discussion

In this thesis, the role of platelet α- and dense granule secretion was investigated using mice
deficient in Munc13-4, Nbeal2, or both. The results presented reveal important functions for
platelet granule content in thrombosis, hemostasis, stroke and the maintenance of vascular in-
tegrity during inflammation. Furthermore, it could be shown that knockout of Nbeal2 reproduces
the GPS phenotype, thereby establishing the Nbeal2-/- mouse as a model for this disease and
as a tool to study the role of platelet α-granules in physiology and pathology.

4.1 Platelet dense granules in thrombosis, hemostasis and stroke

The results obtained with Unc13d-/- mice confirm the essential role of Munc13-4 in dense gran-
ule secretion and its contribution to α-granule secretion (see figure 3.2 and 3.3), confirming
results of a previous study which used Unc13dJinx/Jinx mice [151]. In this study, Unc13d-/- mice
were used to investigate the relevance of dense granule secretion for arterial thrombosis and
ischemic stroke. As expected from studies with ADP receptor blockers [54] or mice lacking the
corresponding receptors P2Y1 [107] or P2Y12 [6] ablated dense granule secretion resulted in
abolished thrombus formation in vitro and in vivo and in severely compromised hemostasis (see
figure 3.5). However, so far it has not been clear whether ADP secreted from platelets is es-
sential for thrombus formation, since vessel injury also results in ADP release from endothelial
cells or erythrocytes. The results obtained with Unc13d-/- mice argue for platelets as the major
source of ADP during arterial thrombosis.

Further, despite the widespread use of ADP receptor antagonists for the prevention of recur-
rent stroke [1, 72, 89], the multifaceted role of platelets in acute stroke development is unclear,
especially the mechanisms by which antiplatelet agents prevent thrombus growth within the
brain microvasculature [172]. One early study using clopidogrel in a photo-induced model of
ischemic stroke indicated a beneficial role of ADP blockade for the prevention of arterial throm-
bosis and ischemic stroke [183]. However, there is only limited data available on the efficacy of
ADP receptor antagonist during ischemia-reperfusion injury. The results obtained in this study
using the Unc13d-/- mice argue for a central role of dense granule secretion for the progression
of ischemic stroke during the reperfusion phase (see figure 3.6). Importantly, abolished throm-
bus formation and reduced infarct progression was not associated with increased incidence of
intracerebral hemorrhages (see figure 3.7) despite severely prolonged tail bleeding times (see
figure 3.5 E). This is in line with studies using vWF-deficient mice [100] or GPIb-blocking anti-
bodies [101] which in both cases resulted in reduced infarct sizes but no intracranial bleedings
despite infinite bleeding times in the tail clip assay.
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Interestingly, interference with initial platelet adhesion [30, 53, 100, 101, 202], important ac-
tivation pathways like GPVI [101] or platelet activation amplificatory mediators (e.g. granule
release) like in the present study (see figure 3.6) all prevent the progression of ischemic stroke
without increasing the incidence of intracranial bleedings (see figure 3.7). In sharp contrast,
blocking GPIIb/IIIa and thereby prevention of the final step of platelet aggregation does not
protect from ischemic stroke due to increased intracranial hemorrhages (see figure 3.7).

Given the fact that dense granule secretion is completely abolished in Munc13-4-deficient mice
(see figure 3.2 A and [151]) it is worth noting that also other components of dense granules,
namely polyphosphates [125, 168, 167], serotonin [28, 37] and Ca2+ [19, 185] play roles in
thrombosis and inflammation and that these two processes are of major importance for the
pathogenesis of ischemic stroke [130]. Interestingly, it could be shown that ADP supplementa-
tion can partially restore the thrombotic defects observed in Unc13d-/- mice in vitro and in vivo
[159]. However, there might still be other factors involved. Thus, further studies are required to
identify the components of dense granules which are responsible for infarct progression during
ischemic stroke.

4.2 Platelet α-granules in thrombosis, hemostasis and stroke

Although the first description of a patient with GPS was reported in 1971 [149], it took until 2011
for NBEAL2 to be identified as the mutated gene causing the disease, a finding which thereby
provided the molecular basis for detailed studies on the function and (patho-)physiological sig-
nificance of α-granules, the most abundant organelles in platelets [5, 68, 91]. This study now
provides compelling complementary evidence that NBEAL2 is essential for platelet α-granule
biogenesis and establishes the Nbeal2-/- mouse as a valuable animal model of GPS that re-
capitulates many of the symptoms found in patients with GPS. The mice show a moderate
thrombocytopenia and a relatively modest increase in platelet size in line with the human phe-
notype. While earlier studies reported that GPS is a progressive disorder, with platelet counts
decreasing with age, no such correlation was seen over the short study period in the mouse
model. Platelet aggregation upon stimulation with PAR-4 peptide, collagen, and CRP was re-
duced with Nbeal2-deficient platelets, which is in accordance with data from patients with GPS
that show diversity with respect both to genotype and phenotype [17]. Nbeal2-/- mice as a
model for GPS allow for the first time to study the in vivo role of α-granule proteins in both
normal hemostasis and thrombo-inflammatory disease states.

In addition, Nbeal2-/- mice will serve as a valuable model to study α-granule biogenesis, which is
still poorly understood. MK-synthesized α-granule proteins share a three-dimensional granule-
targeting motif that is required to properly target them to α-granules [39]. The studies presented
here show the accumulation of α-granule proteins at distinct sites inside the MKs, indicating
aberrant protein sorting rather than defective protein synthesis, which is in line with observa-
tions in GPS patients [139]. It should be emphasized that the Nbeal2-/- mice, like human GPS
patients, show deficiency of all platelet α-granule proteins independent of whether the proteins
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are sequestered by endocytosis (e.g., fibrinogen) or, as for the most part, synthesized by MKs.
The deficiency was also independent of the proposed distinct packaging of certain proteins
within different granule subpopulations or within the α-granule itself [86, 94]. Further studies
will be required to determine how NBEAL2, which encodes a BEACH/ARM/WD40 domain pro-
tein, regulates α-granule biogenesis.

Interestingly, the studies on FLC-derived MKs revealed no marked abnormality in proplatelet
formation, suggesting that the reduced platelet numbers in the mutant mice are caused by a
defect in the terminal steps of platelet production. This is in line with the unaltered platelet lifes-
pan observed in Nbeal2-/- mice. Although platelets from GPS patients allowed studies on the
role of α-granules in platelet function tests in vitro, the sometimes severe thrombocytopenia
in the human subjects often makes the assessment difficult [69, 139]. As a consequence, the
contribution of secreted adhesive proteins to platelet-mediated processes in vivo has remained
poorly understood since early reports pointing to roles of fibrinogen and thrombospondin in
secretion-dependent platelet aggregation [166, 78]. These studies unambiguously show a role
of secreted proteins both in platelet aggregation in vitro and in thrombus formation under flow.
There is also considerable clinical heterogeneity in human GPS with mild to moderate bleed-
ing tendencies as well as severe life-threatening hemorrhages in rare cases [69, 62, 139]. We
found severely prolonged tail bleeding times in Nbeal2-/- mice but no signs of spontaneous hem-
orrhage. This confirms that there is no direct correlation between bleeding time and bleeding
risk [155] and reveals an essential function of α-granules in the arrest of posttraumatic bleeding,
whereas they appear not to be required for the maintenance of vascular integrity in the absence
of injury.

Significantly, the platelet aggregation defect of Nbeal2-/- platelets translated into a severely de-
fective formation of stable thrombi under conditions of medium and high shear stress (see fig-
ure 3.19). A similar albeit less pronounced phenotype has been reported previously in different
mouse lines, including those lacking CD40 ligand (CD40-L) [7] or the calcium sensor molecule
STIM1 [185], with marked defects in thrombus stability under flow in vitro and in vivo despite
only mild defects in activation/aggregation in the absence of flow. This suggests that α-granule-
derived mediators and/or adhesion molecules are particularly important to build shear-resistant
thrombi under conditions in which agonist potency becomes limiting due to rapid dilution and
various receptor-ligand interactions have to be integrated to produce appropriate cell-cell inter-
actions.

Interestingly, we found a markedly reduced coagulant activity of Nbeal2-/- platelets, which was
not based on impaired agonist receptor function, as indicated by the normal integrin αIIbβ3
activation and unaltered dense granule release responses of the mutant platelets upon stim-
ulation with all agonists tested (see figures 3.20, 3.17 B and 3.18 A, B and D). This suggests
that α-granule-derived factors are required for the efficient collapse of the membrane asymme-
try and exposure of coagulant PS in platelets activated under flow [76]. This Ca2+-dependent
process involves the activity of the TMEM16F ion channel [176, 197] and is mediated by lipid
transporters (scramblases) whose identity and subcellular localization have remained elusive.
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While a role for some α-granule proteins in hemostasis and thrombosis has been demonstrated,
most of them are also present in other vascular compartments, making conclusions on the rel-
ative importance of their α-granule pool difficult [87, 157]. One prominent example is vWF,
which is also present at high concentrations in Weibel-Palade bodies of endothelial cells and in
plasma. Nbeal2-deficient mice, which lacked vWF in platelets but not in plasma or endothelium
(see figure 3.11, 3.15 and 3.23), displayed severely defective platelet adhesion and aggre-
gate formation on collagen under high shear flow conditions, a process known to depend on
GPIb-vWF interactions [158]. This indicates that α-granular vWF is of central importance for the
formation of shear-resistant thrombi under these experimental conditions but also that multiple
other α-granule proteins, including fibrinogen and thrombospondin and possibly also vitronectin
and fibronectin [198], probably contribute to this process. In line with this, the thrombus forma-
tion defect observed in Nbeal2-deficient mice in vivo appeared to be more severe than that
seen in mice lacking vWF [33], P-selectin [46], or CD40-L [7]. It is unlikely that the reduced
platelet count in Nbeal2-deficient mice was responsible for their hemostatic and thrombotic de-
fect, as it was recently shown that thrombotic occlusion of the injured aorta and the carotid
artery was only partially impaired when platelet counts were reduced by 70% or 80%, respec-
tively. Furthermore, tail bleeding times and thrombus formation in small arterioles were largely
unaffected by reductions of platelet count up to 97.5% [123].

Significantly, Nbeal2-deficient mice or chimeric mice lacking Nbeal2 in the hematopoietic sys-
tem were profoundly protected from tMCAO-induced brain infarction (see figure 3.24), indicat-
ing that platelet α-granule components are critical pathogenic factors in this setting. The lack
of platelet vWF may not be critical here, as plasma vWF has been shown to be sufficient to
promote infarct growth in this model [100]. This reveals that different vWF pools contribute to
very distinct (patho-)physiological processes and indicates that other α-granule components
are critical to promote thrombo-inflammation in the ischemic brain. On the other hand, despite
markedly prolonged bleeding times, we did not observe intracranial bleeding in Nbeal2-deficient
mice after tMCAO, suggesting that the α-granule storage pool of adhesion molecules is not re-
quired to maintain vascular integrity under conditions of acute brain infarction. This is especially
interesting as it has been shown before that platelets are crucial to safeguard vessel wall in-
tegrity during inflammation and stroke [59].

The relevance of platelets and their products for successful tissue reconstitution is reflected
by the use of PRP to promote wound healing [3, 45, 138]. However, rendering mice thrombo-
cytopenic leads to increased wound inflammation without affecting the reparative aspects of
wound repair [179]. A recent study demonstrated better healing responses in diabetic mice in-
jected with nonactivated versus thrombin-activated platelets. From this the authors concluded
that platelets may be used as cell therapy rather than using only their growth factor content
[160].

The approach that we have taken preserved the cells and ablated the defined spectrum of
growth factors specifically contained in platelet α-granules. Our results clearly demonstrate for
the first time the crucial importance of platelet-derived proteins, released during the first hours
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after injury, for myofibroblast differentiation, which peaks at 7 days after wounding. This re-
sult implies that TGF-β released by macrophages, which are abundantly present throughout
the inflammatory and reparative phases of healing [40], does not compensate for early defi-
ciency due to platelet dysfunction. At 7 days after wounding we did not detect differences in
wound macrophage numbers. Detailed characterization of the early inflammatory infiltrate will
show whether their numbers differ at earlier time points in the healing process. However, large
differences might have resulted in vascular abnormalities [110], which we did not detect. To in-
vestigate whether Nbeal2-deficiency affects other hematopoietic cells, Nbeal2 expression was
analyzed in lymphocytes, splenocytes, and CD4+ T cells by qPCR (see figure 4.1). Indeed,
these cells showed very low expression levels when compared with MKs, thereby confirming
results from previous studies [5]. However, further conclusions on the possible role of Nbeal2
in other cells in the healing process will require the generation of conditional mouse models.
Likewise, defining the roles of TGF-β relative to other secreted proteins will require extensive
studies on multiple mouse models.

Figure 4.1: Expression of Nbeal2 in different cell types. qRT-PCR was used to quantify Nbeal2
mRNA in several cell types. Results are presented as delta Ct versus reference mRNA. MK,
megakaryocyte; Plt, platelet; LSEC, liver sinusoidal endothelial cells; MyE, MyEnd endothelial cells;
SC, splenocytes; LN, lymph node cells; CD4, CD4+ T cells.

4.2.1 The Nbeal2-/- mouse as a model for the gray platelet syndrome

Using a reverse genetic approach it could be shown that Nbeal2-deficient mice mimic most
of the important hallmarks of GPS thereby establishing this mouse as a model of the dis-
ease, a finding that was confirmed by a second group [92]. As in human GPS, Nbeal2-deficient
mice exhibit thrombocytopenia with enlarged platelets, a mild splenomegaly and absence of
α-granules in platelets. While taking into account the smaller size of mouse platelets, Nbeal2-/-

platelets show the same morphological characteristics as human GPS including a high number
of vacuoles, which mostly appear empty (see figure 3.26). The content of α-granule proteins
synthesized by MKs, such as vWF, PF4 and thrombospondin-1 was strongly reduced in the
knockout platelets [92]. The platelet fibrinogen content was also decreased, indicating that en-
docytosed proteins also fail to be stored in Nbeal2-deficient platelets, as seen in the human
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disease.

On the other hand, P-selectin, which serves widely as a marker for α-granule secretion and is a
component of the α-granule membrane, was still present, albeit at lower levels. Its surface expo-
sure upon activation reached approximately 50% of wildtype levels. For human GPS, P-selectin
levels have been shown to be either reduced or normal [141]. In line with observations for GPS
patients [139], dense granule secretion was not affected in Nbeal2-deficient platelets [92].

Nbeal2-/- mice recapitulate the hallmarks of GPS patients with the absence of α-granules and
their content. Nevertheless, a few differences exist. We did not observe the heterogeneity of the
platelet aggregation responses seen in GPS patients upon stimulation with different agonists
[69, 139]. This could be explained by the different mutations that were found in the NBEAL2
gene, which in contrast to the full knockout in the mouse model, may not necessarily lead to a
complete loss of protein function or expression [5, 17, 68, 91]. Furthermore, Nbeal2-/- mice all
have a common genetic background while in human disease the phenotype will be influenced
by the whole range of single-nucleotide polymorphisms that define the hemostatic response.
Similarly, the platelet count is highly variable in GPS patients and thrombocytopenia can be
severe, which almost certainly contributes to bleeding. Another frequent characteristic of GPS
patients is myelofibrosis probably caused by α-granule proteins being released from MKs into
the marrow leading to dysregulated cell proliferation and differentiation. In Nbeal2-deficient
mice, signs of myelofibrosis were not observed in young as well as in 4- and 6-month-old
animals and this finding was confirmed by another group [92]. Whether onset of myelofibrosis
will occur later in these animals needs to be investigated.

4.2.2 The role of NBEAL2 in α-granule biogenesis

Beyond the functional analyses, the question of the mechanism by which NBEAL2 regulates
protein sorting during α-granule biogenesis, remains to be addressed. NBEAL2 is a large, multi-
domain protein that consists of 2754 amino acids and contains ARM, ConA-like, PH, BEACH
and WD40 domains. Of note, GPS-causing point mutations are not limited to one particular
domain but are distributed throughout the entire protein [5, 17, 68, 91]. While it is thought that
ConA-like lectin domains could be involved in protein sorting and secretion [22], it is known that
WD40 domains enable protein-protein interactions and PH domains facilitate membrane asso-
ciation. BEACH domain containing proteins are of emerging clinical importance, as more mem-
bers of this family become associated with human disease [27]. However, they act in different
cellular processes including vesicular transport, apoptosis, membrane dynamics and receptor
signaling.

A role for NBEAL2 in membrane dynamics and vesicular transport is consistent with the finding
that Nbeal2-deficiency causes a dramatically increased number of empty vacuoles and mis-
targeting of α-granule proteins that leads to loss or accumulation of the protein. This has also
been shown for human GPS, where MKs cultured in vitro from peripheral blood CD34+ cells
from a typical GPS patient with a homozygous L388P mutation [5], clearly show synthesis of
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4.3 Combined deficiency of platelet α- and dense granule secretion

Figure 4.2: Working model of α-granule biogenesis. This artwork illustrates the localization and
interaction of proteins involved in α-granule biogenesis in MKs, that have been identified recently.
Image taken from [50].

vWF. However, the protein is lost prior to proplatelet formation and vWF trafficking along pro-
platelets in mature cells is lacking (see figure 3.27). Recently, VPS33B and VPS16B have been
shown to be involved in α-granule biogenesis [184]. Significantly, protein levels of VPS16B and
VPS33B were unchanged in Nbeal2-/- platelets [92]. The fact that platelets from ARC syndrome
patients, which harbour a mutation in VPS33B completely lack α-granules, while platelets from
Nbeal2-deficient mice and GPS patients contain vacuole-like α-granule remnants implies that
VPS33B and its binding partner VPS16B act at an earlier stage during α-granule biogenesis
than NBEAL2 (see figure 4.2) [50, 184].

4.3 Combined deficiency of platelet α- and dense granule
secretion

To study the effect of combined deficiency of α- and dense granule secretion, Unc13d-/-/Nbeal2-/-

mice were generated. Platelets from these mice were unable to secrete their dense granule
content and lacked α-granules. Double-deficient mice displayed platelet count and size similar
to those of Nbeal2-deficient platelets (see figure 3.28) indicating that combined deficiency does
not further impair platelet production.
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Upon stimulation with different agonists, double-deficient platelets displayed P-selectin surface
expression below that of Nbeal2-/- platelets (see figure 3.30). This supports the notion that
P-selectin is also stored in dense granules, however, to a limited extent [153]. Interestingly,
upon stimulation, double-deficient platelets were still capable of recruiting 25-30% of wildtype
P-selectin levels to the surface, indicating that there might be P-selectin stores besides α- and
dense granules, for example the OCS.

Double-deficient platelets showed a strong reduction in aggregation upon stimulation with CRP
or collagen (see figure 3.31) which was more pronounced than the defects observed in Nbeal2-/-

or Unc13d-/- platelets. This underlines the importance of secondary mediators released from
both α- and dense granules during collagen-induced aggregation [134].

In agreement with the severely impaired platelet adhesion to collagen under flow (see figure
3.32), double-deficient mice displayed abolished arterial thrombus formation which is in line with
previous reports showing that the thrombus formation in the aorta injury model largely depends
on GPVI activation by collagen [11]. In addition, the single-deficient mice already demonstrated
a strong protection from in vivo thrombus formation as well as an impaired hemostasis (see
figures 3.5 and 3.21).

Interestingly, double-deficient platelets showed a severe reduction of PS-exposure after stimu-
lation while the total level of PS in the cells appeared largely unaltered (see figure 3.33). This
confirms the importance of mediators released from α- and dense granules in PS-exposure
and coagulation [16].

Platelets and the (hem)ITAM signaling in particular have recently been recognized as key play-
ers for the maintenance of the vascular integrity during (thrombo)inflammation [18, 59]. How-
ever, the downstream mediators remained elusive and it was speculated that platelet granule
content might play a role [64, 79]. To investigate the role of platelet granule content in inflam-
matory bleeding, Munc13-4/Nbeal2-deficient mice were subjected to the rpA reaction of the
skin, LPS-induced lung inflammation and the tMCAO model of ischemic stroke. While platelet-
depleted animals showed massive hemorrhage upon skin or lung inflammation, this was not the
case in Unc13d-/-/Nbeal2-/- mice (see figure 3.35). These results indicate that platelet granule
content is likely not involved in maintaining vascular integrity during local inflammation. How-
ever, contrary results were obtained when subjecting Unc13d-/-/Nbeal2-/- mice to the tMCAO
model of ischemic stroke: 40% of the animals died from intracranial hemorrhage within 24 h
after infarction (see figure 3.36 B and E). This shows that while defective dense granule se-
cretion or the absence of α-granules alone have no effect on vascular integrity during stroke,
the combination of both defects causes vascular damage and an increase in mortality to a sim-
ilar degree as observed after GPIIb/IIIa blockade (see figure 4.3 and [101]). This correlation
is relevant since a clinical trial that investigated the impact of abolishing platelet aggregation
with abciximab (an antibody directed against GPIIb/IIIa) on stroke progression failed due to ex-
cess intracranial hemorrhages and inefficacy [2]. Therefore, blocking secretion from both major
platelet granule types is most likely not an optimal and safe target for stroke therapy.
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4.3 Combined deficiency of platelet α- and dense granule secretion

Figure 4.3: The role of platelet granule release in maintaining vascular integrity during stroke.
Overview of the impact of defective dense granule secretion (A), absence of α-granules (B) or the
combination of both (C) on infarct volumes and vascular integrity after tMCAO. Representative im-
ages of coronal sections stained with TTC 24 h after tMCAO. Infarcted areas are shown in white
(left column). Planimetric analysis was used to quantify the infarct volume (center column). Repre-
sentative images show native whole brains, native brain sections and TTC-stained brain sections to
illustrate the degree of hemorrhage. Parts taken from [34, 170].

Taken together, there seem to be different mechanisms by which platelets maintain vascular
integrity during acute inflammation (immune complex (IC)-mediated inflammation of the skin or
LPS-induced lung inflammation) or during thromboinflammation (following tMCAO). Addition-
ally, in a recent study, thioglycollate-induced peritonitis, which is a model for macrophage-driven
sterile inflammation, did not cause bleeding in thrombocytopenic mice [146]. Clearly, further re-
search is needed to clarify, whether inflammatory bleeding during thrombocytopenia depends
on the organ affected or the cause and severity of inflammation. A very recent publication
showed that during IC-mediated inflammation, single platelets prevent neutrophil-induced vas-
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cular damage in a GPVI-dependent manner [65]. Whether the same mechanism also prevents
hemorrhage in other pathophysiological situations (e.g. in the brain during stroke) remains to
be shown.

4.4 Concluding remarks and outlook

The work presented here provides new insights into the role of platelet α- and dense gran-
ule secretion in platelet biogenesis and function as well as in thrombosis, hemostasis, stroke,
wound healing and maintaining vascular integrity during inflammation and stroke using genet-
ically modified mice deficient for Munc13-4, Nbeal2, or both. The results may have important
implications for the development of strategies to modulate platelet reactivity and to prevent
excessive platelet activation and adhesion in pathological settings such as thrombosis and is-
chemic stroke. Although caution is required when translating results from mouse studies into
clinical practice, findings presented in this thesis suggest that restricting platelet granule se-
cretion might be useful for the prevention of thrombosis or thrombo-inflammation, e.g. following
stroke. However, the abrogated hemostatic function that was observed in all knockout strains
analyzed has to be considered carefully. Therefore, it would not be advisable to aim at full but
rather partial granule secretion blockade. Certainly, further studies are necessary for a more
detailed characterization of the anti-thrombotic potential of α- and dense granule secretion inhi-
bition and the accompanying loss in hemostatic function. Furthermore, to inhibit platelet granule
secretion, it would be necessary to first identify suitable target proteins that could be blocked,
e.g. using small molecule inhibitors. Ideal targets would be signaling molecules that regulate
secretion (e.g. PKCα) or proteins directly involved in the secretion process like the SNARE
proteins (e.g. VAMP-3 and 8, Syntaxin-2 and 4 and SNAP-23). For several SNARE proteins
blocking peptides or inhibitory antibodies have been identified and were shown to efficiently in-
hibit platelet granule secretion [49]. For example, recombinant VAMP-3 (rVAMP-3) was shown
to potently inhibit both α- and dense granule secretion [148]. To minimize side effects, it would
be important to analyze the effect of the potential inhibitors on other cells (e.g. T-cells and mast
cells).

Open questions that remain from the studies presented in this thesis include those regarding
the morphology of MKs in Nbeal2-/- mice, which besides lack of α-granular proteins appeared
largely unaltered in this study (see figures 3.12, 3.13 and 3.15) although platelet count was
reduced by 40% and platelet lifespan was unaltered. However, recent reports showed both
altered and unaltered morphology of MKs in Nbeal2-deficient mice [67, 93]. To further examine
MK morphology in the intact bone marrow, whole femora could be analyzed, e.g. using light
sheet fluorescence microscopy (LSFM). This would also enable 3D reconstruction and analysis
of MKs in their native environment.

Further studies would also be needed to reveal whether the constitutive full knockout ap-
proaches that were used in the studies presented here had an impact on cells other than
platelets. While in case of the Nbeal2 knockout this question was partially addressed by the
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analysis of bone marrow chimeric mice, all hematopoietic cells (including immune cells) re-
mained deficient for Nbeal2 in these animals. One way to address this issue would be to gen-
erate tissue-specific knockout animals by using the Cre/loxP system and Pf4-Cre transgenic
mice to achieve MK-specific deletion of the gene of interest. Using the Pf4-Cre system for a
conditional Nbeal2 knockout could be challenging since Nbeal2 might be expressed at earlier
stages of MK maturation than PF4. Another option would be to perform platelet transfusion ex-
periments. However, finding the correct antibody dosage (e.g. of an anti-GPIb antibody) that re-
liably depletes all platelets but leaves no free circulating antibody remaining that would capture
the transfused platelets, is challenging. Therefore, using the h-IL4R/GPIb transgenic mouse as
a recipient for transfused platelets would be the best choice since it enables platelet depletion
with an anti-h-IL4R antibody that does not recognize transfused wildtype platelets [18, 95].

In this thesis, it could also be shown that Nbeal2-deficient mice phenocopy most of the char-
acteristics of GPS with macrothrombocytopenia, splenomegaly and absence of α-granules in
platelets and MKs. This confirms that mutations in Nbeal2 cause GPS and establishes the
Nbeal2-/- mouse as a model of the disease, contributing to risk evaluation of GPS patients in
various disease settings. Moreover, potential treatment options could be tested in these mice.

Besides, Nbeal2-/-, Unc13d-/- and double-deficient mice have recently been used as tools to
study the role of platelet granules in other pathological settings such as metastasis [67, 162]
or maintaining the integrity of developing cerebral blood vessels [109]. Moreover, the three
knockout mouse lines presented here in combination with talin-deficient mice could be used
to decipher whether platelet granule release or platelet aggregation is the key function needed
in pathological settings where platelets recently have been shown to be involved, e.g. multiple
sclerosis (MS) or sepsis.

It has been reported that platelets are present in human MS lesions as well as in the central
nervous system (CNS) of mice subjected to a mouse model of experimental autoimmune en-
cephalomyelitis (EAE). Platelet depletion in mice resulted in significantly ameliorated disease
development and progression and was associated with reduced recruitment of leukocytes to
the inflamed CNS [105].

In a recent study it was shown that platelets protect from septic shock by inhibiting macrophage-
dependent inflammation via the COX-1 signaling pathway [196]. Furthermore, intravascular
NETs capture bacteria from the bloodstream during sepsis and NET production requires platelet-
neutrophil interactions [119].

EAE as a mouse model for MS and sepsis are two examples of diseases for which safe and
efficient treatment options are needed and where only recently platelets have been identified
to play an important role. Hence investigating the relevant platelet functions using the mouse
models described in this thesis will provide further insights into the role of platelets beyond
thrombosis and hemostasis.
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5 Appendix

5.1 Abbreviations

ADP adenosine diphosphate
APS ammonium persulfate
ATP adenosine triphosphate
BM bone marrow
BMC bone marrow chimeras
bp base pairs
BSA bovine serum albumin
CalDAG-GEF calcium and diacyl glycerol-regulated GEF
CLEC-2 C-type lectin-like receptor 2
CRP collagen-related peptide
CVX convulxin
DAG diacylglycerol
DIC differential interference contrast
DMEM Dulbecco’s modified Eagle’s medium
DMS demarcation membrane system
DMSO dimethyl sulfoxide
dNTP deoxynucleoside triphosphate
ECM extracellular matrix
EDTA ethylenediaminetetraacetic acid
EGF epidermal growth factor
EGTA ethylene glycol tetraacetic acid
ER endoplasmic reticulum
ERK extracellular-signal-regulated kinase
FACS fluorescence-activated cell sorting
FcR Fc receptor
FCS fetal calf serum
FITC fluorescein isothiocyanate
FLC fetal liver cells
FSC forward scatter
GDP guanosine diphosphate
GEF guanine nucleotide exchange factor
GP glycoprotein
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GPCR G protein-coupled receptor
GPS gray platelet syndrome
GTP guanosine triphosphate
HCT hematocrit
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HGB hemoglobin
HRP horseradish peroxidase
IFI integrated fluorescence intensity
IFN interferon
Ig immunoglobulin
IL interleukin
IP immunoprecipitation
IP3 inositol-1,4,5-trisphosphate
ITAM immunoreceptor tyrosine-based activation motif
JAK Janus kinase
LAT linker for activation of T cells
mAb monoclonal antibody
MCA middle cerebral artery
MFI mean fluorescence intensity
MK megakaryocyte
MLC myosin light chain
MMP matrix metalloproteinase
MPV mean platelet volume
mTOR mammalian target of rapamycin
Nbeal2 neurobeachin like 2
NETs neutrophil extracellular traps
PAR protease-activated receptor
PCR polymerase chain reaction
PE phosphatidylethanolamine
PE phycoerythrin
PF platelet factor
PF4 platelet factor 4
PFA paraformaldehyde
PGI2 prostacyclin
PH pleckstrin homology
PI phosphatidylinositol
PI3K phosphoinositide-3-kinase
PIP2 phosphatidylinositol-4,5-bisphosphate
PIP5K phosphatidylinositol 4-phosphate 5-kinase
PK protein kinase
Plt platelet
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PMA phorbol 12-myristate 13-acetate
PRP platelet-rich plasma
PS phosphatidylserine
PVDF polyvinylidene difluoride
RBC red blood cell
RC rhodocytin
RhoGEF Rho-specific guanine nucleotide exchange factor
RIAM Rap1-GTP-interacting adapter protein
ROCK RhoA kinase
rpm rotations per minute
RT room temperature
SD standard deviation
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SERCA sarco/endoplasmic reticulum Ca2+-ATPase
SH2 Src homology 2
SNARE N-ethylmaleimide-sensitive fusion protein attachment pro-

tein receptors
SOCE store-operated calcium entry
SSC side scatter
Syk spleen tyrosine kinase
TAE TRIS acetate EDTA
TBS-T TRIS-buffered saline containing Tween
TEMED tetramethylethylendiamin
TEM transmission electron microscopy
TF tissue factor
tMCAO transient middle cerebral artery occlusion
TNF tumor necrosis factor
TRIS tris(hydroxymethyl)aminomethane
TTC 2,3,5-triphenyltetrazolium chloride
TxA2 thromboxane A2

U46 U46619
vWF von Willebrand factor
w/o without
WBC white blood cell
WT wildtype
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